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2ABSTRACT
Irradiation, cold-worked and quenching effects in a rc  m elted com m ercial niobium
have been studied using the low frequency (1 c /s )  internal friction technique. A
relaxation peak at about 110°K has been found after irrad iation  and cold-work, which
is thought to involve the relaxation of dislocation loops or the relaxation of point
defects constituting weak dislocation,’ pinning points. The peak is  absent in the
fully annealed m aterial and after quenching. After cold-work the peak anneals out
in two stages occurring at tem peratures ranging from 80°C to 160°C and 240°C to
340°C. Relaxation peaks have also been found in the tem perature range from 185°K
to 240°K after irrad iation  and after annealing cold-worked and quenched specimens
at 70°C. A room tem perature stra in  of 0.3% partially  supresses the peak in cold-
worked and irrad ia ted  specim ens. After irrad iation  the peaks increase on annealing
up to a tem perature of about 200°C, then anneal out in the tem perature range from
200°C to 380°C. After cold-work, the peaks increase on annealing up to a tem perature
of about 90°C and anneal out in the tem perature range from 240°C to 340°C. After
quenching, the peaks increase on annealing up to a tem perature of about 140°C and
o oanneal out in the tem perature range from 220 C to 300 C. These peaks are  believed
to be due to the relaxation of some type of point defect configuration. The activation
energies of these peaks as calculated from the ir "half-widths" have been found to be
26 "1of the order of magnitude of 1.0 to 1.2 eV with frequency factors of about 10 sec . 
The resu lts  are  discussed in te rm s of current relaxation theories.
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INTRODUCTION
In cold-worked FCC m etals it is  well established that a group of internal friction 
relaxation peaks occurring at around 90°K at 50 k c /s , is  caused by the relaxation 
of dislocation kinks. Also, a second group of peaks found after cold-work at 
around 220°K at 10 k c /s  is  probably due to the relaxation of point defects which 
are only loosely attached to dislocation loops, and tend to follow the dislocations 
as they oscillate under applied s tre s s .
In BCC m etals two groups of internal friction relaxation peaks also occur after 
cold-working but at slightly higher tem pera tu res . The m echanism s causing these 
peaks are  not known with certainty and it is  the main object of the present work to 
contribute to the understanding of these m echanism s. It was considered that this 
object might be achieved by looking for the two groups of peaks in irrad ia ted  and 
quenched m ateria l, in addition to studying the peaks after cold-work, since the 
three types of damage produce point and line defects in different relative concen­
trations.
* s
In view of the possible connection between the two groups of peaks in FCC and 
BCC m etals, and the relatively lim ited amount of work carried  out in BCC m etals 
a review of previous work is  presented covering both c lasses  of m etals.
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2. LITERATURE SURVEY 
2 .1 THE EQUILIBRIUM STATE
Any equilibrium state is  determ ined by the minimum value of the Helmsholtz free 
energy, F, (when the system  is  subjected to constant external p ressu re ). F or an 
absolute tem perature T, an internal energy,E ,‘ and entropy, S;
F = E - TS - - - - - - -  (i)
A perfeot.lattice Although having a very low internal energy, will also have a very 
low entropy due to the perfect o rder, and it can be shown that at f ir s t  an increase 
in the disorder of the lattice will increase the TS term  at a faster ra te  than the E 
term , thus leading to a reduction in F and hence a m ore stable s tru c tu re . Thus 
for each tem perature T there will be a corresponding amount of d isorder in the 
lattice which will give a minimum to F, and hence the lattice will tend to that state.
Point defects, such as vacancies, and in te rs titia ls  and im purity atoms, have a 
relatively large disordering effect on the la t t ic e ; hence th e ir  presence is  expected 
on thermodynamic grounds.
The equilibrium number of vacancies (n)^present at a tem perature, T, in a crystal 
is given by
n/(N+n) = exp ( £ ^ /k )  exp (-E f/kT ) . . . .  . (2 ) 
where N is  the number of atoms^
E^ the energy required  to create a vacancy and the increase in therm al 
entropy due to the presence of a vacancy. It is  possible to obtain sim ilar expressions 
for the equilibrium concentrations of other types of point defects.
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In niobium, the concentration of vacancies, C, has been found to vary with
(1)tem perature according to the following equation .
C = 64 exp ( - 47, 000/kT) . . . . . . . . .  .(3)
Dislocations have very high energies of form ation and hence vould not be expected
in any appreciable amount. However, it is  found that a fully annealed m etal
8 -2usually contains about 10 lines cm . In a crystal, apart from  the simple edge 
and screw type dislocations, there may be other types of dislocations.
If a Burgers circuit in tersec ts  a stacking fault, then the passage of a dislocation 
does not transform  the lattice back into itse lf. This is  called a partia l dislocation 
and the stacking fault ends on the dislocation line. The stacking fault may be 
bounded on both sides by partia l dislocations whose Burgers vectors add up to a 
complete lattice vector. Such a system  of two partia l dislocations connected by 
a stacking fault is  called an "extended dislocation".
The Heidenreich-Shockley half dislocation, which occurs in FCC la ttices  has its  
stacking fault consisting of four "hexagonally" stacked lay e rs  inserted  between 
the "cubically" stacked octahedral lay e rs . When the two half (or partial) 
dislocations of this type a re  broughfctogether, a perfect dislocation is  form ed 
along a (110) direction. (Those of the two partia l dislocations w ere along (112) 
directions). Conversely a perfect dislocation of th is kind in a close-packed 
structure can split up into a pair of extended dislocations. The two partia ls  
together generally rep resen t le ss  elastic  energy than the original dislocation 
alone, but the stacking fault also contribute considerably to the total energy of 
the system . Extended dislocations have recently  been observed in a BCC m etal, 
viz. cold-worked niobium annealed at 1200°C
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A moving dislocation has to overcome several resis tin g  forces and has to encounter 
obstacles, such as:
a) The Peierls F orce. This force a r ise s  from  the periodicity of the atomic positions 
on both sides of the slip plane. The magnitude of this force has been calculated so 
far only for the FCC m etals. Normally th is force is  very much sm aller than the 
observed critica l shear s tre ss , and in such cases, is-regarded  as negligible.
b) The elastic in teraction . This is  an interaction between dislocations which 
cause^ a frictional force. In undeformed m etals, th is force is  of the o rder of the 
observed critica l shear s tre ss , but in deformed m etals it becomes much g rea ter, 
and determ ines part of the work hardening.
c) Intersection of dislocations. If a dislocation in one glide plane in tersec ts  a 
dislocation in another glide plane, then the moving dislocation is  pinned at the 
point of in tersection. A crystal, in fact, is  composed of a network of in tersecting  
dislocations, and in general a dislocation will be pinned at several points along 
its length.
d) Formation of "sessile"  dislocation. If a moving dislocation m eets a dislocation 
of the same type but opposite sign on a neighbouring parallel plane, then the two 
combine to form a row of either vacancies or in te rs titia ls  (F ig .l.)*  This kind of 
interaction rem oves the long range s tre ss  field, and presum ably is  a source of 
point defects during plastic deform ation. Such a configuration is  som etim es 
called a "se ss ile” dislocation since it is  extrem ely difficult to move.
e) The formation of jo g s . Two dislocations with a rb itra ry  Burgers vectors that 
in tersect each other possess, after the intersection, a discontinuity in their axes 
(F ig .2). These discontinuities a re  called jogs. A jog can be described as a 
short segment of the f irs t dislocation, of length equal to and directed along, the 
Burgers vector of the second dislocation, and vice v e rsa . The glide plane 
associated with the jog, in general, d iffers from  that of the parent dislocations 
In a pure edge dislocation jogs can never obstruct glide motion, but in other
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Fig# 16 The formation of a "sessile dislocation" from two edge 
dislocationso
m
m'
Figo 29 Intersection of two dislocations»
Dislocation d» (Screw type with Burgers Vector b f) intersects 
with dislocation d2 (edge type) with Burgers Vector b2) forming 
jogs in both dislocations® m f denotes the relative direction 
of motion (after van Bueren )e
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cases appreciable resistance  to motion may be produced.
f) The interaction between dislocations and point d efec ts . An edge dislocation
is a region of the la ttice  where there  a re  .centres of expansion and com pression and 
thus it tends to a ttrac t m isfit solute atoms and in te rs titia ls  which produce high 
elastic stra ins around them, since they can be better accommodated in the strained 
areas around the dislocation line. Vacancies however, do not have a great deal of 
elastic interaction with edge dislocations, but are  nevertheless attracted  because 
of electrical and other effects associated with the absence of an atom or ion.
Screw dislocations have insufficient volume changes around them to be able to 
attract point defects, but if a solute atom produces a non-spherical dislocation 
it can in teract with the dislocation shear s tre sse s , and thus.be attrac ted . This 
happens with in te rs titia l solute atom s in BCC la ttices . Also> vacancies and 
in terstitia ls, as distinct from  solute atoms, can be absorbed on a dislocation 
and disappear completely, such as  at a jog where the resu lt is  m erely to move 
the jog one atomic spacing along the dislocation (F ig .3). Jogs thus act as sinks 
for point defects, and a point defect once attracted  to a dislocation site will move 
along it towards the n earest jog and be absorbed.
Jogs exist in thermodynamic equilibrium , and emit and absorb point defects 
equally, the number increasing  with the tem peratu re . Hence jogs a re  now regarded 
as the most im portant sources of "therm al” point defects, and annealed specimens 
are believed to have many im purity atom s clustered round dislocations.
g) Intersection of partia l dislocations. A serious resis tance  to motion is  produced 
when two partial dislocations in tersect, since extended dislocations can only glide 
when the glide plane contains the plane of the stacking fau lt.
This section has so fa r dealt with the obstructions to dislocation glide. Glide 
motion in the glide plane, is  classed  as a "conservative" motion, which in m etals 
and polar crysta ls  is  an "easy" motion. But if the dislocation can be made to
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Figo 3
Figa 4
a An edge dislocation with a bound vacancy, v, and a jog, j, 
(after Lomer (
a A Frank-Read dislocation sourcee If a stress is applied 
in the direction b, the pinned dislocation segment bows 
out, taking up successive positions as shown0
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leave its  glide plane, it is  said to "clim b” . This is  classed as "nonconservative" 
motion. When a dislocation climbs, a defect state is  produced which can only be 
removed by the diffusion of atoms through the crystal, e . g .  if an edge dislocation 
climbs from one glide plane to the next one, one row of atoms will have to be removed 
or added depending on the sign of the dislocation. Obviously if the m etal is  a t a 
tem perature high enough for self diffusion to take place, then dislocations may clinib 
to more stable configurations. This is  in fact how the la te r  stages of recovery take 
place. However, at normal tem peratures and under ordinary s tre sse s , dislocation 
climb is an energetically improbable p rocess. Thus a jog in a moving dislocation 
with a different glide plane from the parent may have to climb if the s tre s s  is  great 
enough. At ordinary tem peratures jogs will leave behind a string  of point defects. 
Sideways motion along the dislocation may be possible, but the efficiency of defect 
formation is  lowered and the jog will be m ore or le ss  a ttrac ted  to its  string  of 
defects. Hence jogs may well perform  some kind of zig-zag motion.
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2.2 THE NON-EQUILIBRIUM STATE
2.2.1 The Effect of Plastic Deformation
It is now generally accepted that dislocations are  generated by plastic deformation
8 -  2and that their concentration increases from about 10 lines cm . in the annealed
10 12 -2 state to from 10 to 10 lines cm in the heavily deformed s ta te . The chief
mechanism which causes their generation during deformation is  the Frank-Read
source (F ig .4). A dislocation line pinned at its  ends due to in tersection with
dislocations on other slip planes becomes bowed out during s tressing  in the direction
shown. If the s tre ss  is great enough, the loop is  forced to spread round the nodes
and back on itself. When the two parts  of the loop m eet, they unite to form  a
complete dislocation ring round the two nodes and a second loop between the nodes.
Thus if the s tre ss  is great enough, the process will be repeated and further rings
( f i \
thrown off. According to Mott when a m etal is  strained, dislocation rings 
are thrown off the most easily operated Frank-R ead sources until a pile up of these 
dislocations at a b a rr ie r  (e .g . a grain boundary) is strong enough to produce a 
back s tress  sufficient to stop the source from operating fu rth er. About 1000 
loops should be sufficient to achieve th is . Also the presence of a large number 
of dislocations at a b a rr ie r  can activate another Frank-R ead source, operating 
on another slip plane, which can throw off rings of opposite sign. When these 
reach the b a rrie r  (about one per six original dislocations) they combine with 
the original dislocations to form "se ss ile ” or "extended" dislocations (Fig.. 5) 
which can be moved only with great difficulty. Thus if th is mechanism occurs 
no appreciable recovery of stra in  can take place on releasing  the s tre s s  and the 
lattice is left with an increased number of dislocations.
It has been established that point defects are  also generated by p lastic deform ation.
(7)Mechanisms for this phenomenon have been outlined by Seitz . These are: -
a) Local heating of the lattice in the immediate vicinity of the dislocation as
it moves through the la ttice  and absorbs energy from  the applied s tre s s  field.
atfiHWWWVlfVin*
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Figc 5o Heidenreich-Shockley half dislocation of screw type in the 
FCC latticeo The dislocation line d and the Burgers vector 
b are both in the same direction, The stacking on one side 
of the dislocation is different to that on the other side0 
On the left-hand-side it is normal e^ab'' *bc 0oo, On the 
right-hand-side it has become abc bca0 Thus a stacking fault 
has been introduced6 This can end in another half dislocation? 
the two together with the stacking fault forming an extended 
dislocation (after van Beuren )°
Fig0 60 Intersection of two screw dislocations, A row of point
defects is produced between A and A1 (after Seitz )<=
25
b) Instability of the in phase motion of atoms during the passage of a dislocation,, 
For example, it is  possible that incipient vacancies are  occasionally torn  loose 
from a jog in a dislocation because of a local disturbance in the la ttice .
c) Large transien t therm al pulses in regions where dislocations annihilate one 
another and produce a large lattice disturbance.
d) Pure geom etric effects:-
(i) Intersection of two screw  dislocations to produce point defects (Fig. 6 ).
In the figure S rep resen ts  a screw dislocation with its  Burgers vector 
perpendicular to the paper. The vertical lines outline the passage of another 
screw dislocation with its  slip plane in the plane of the p ap e r. At f irs t the 
entire moving dislocation lie s  in the one slip plane, but by its  interaction 
with the stationary dislocation, it is  forced to loop round it and leave a closed 
segment behind. This causes it to have a jog J on either side of which the 
dislocation lies  on different slip planes. Also there  will be a jog J 9 in the 
dislocation ring  left behind. Point defects are  produced because the segments 
A and A1 just before combining are  dislocations of the edge type of opposite 
sign and move on adjacent slip planes. Therefore a row of point defects 
must be produced when they meet, the type of defect depending on the sign 
of the in tersected  dislocation. It is  thought that the resulting jog, J, can be
jf<n
dragged along by the dislocation, leaving behind m ore point defects. Seeger 
has studied this mechanism in detail. He considered the etlect on the geometry 
of jog formation of the ratio  between the defect energy, the line tension of 
the dislocation, and the tem p era tu re . It is  unlikely however that at m oderate 
tem peratures the string of defects form ed will be stable and it is  generally 
assumed that they will break up into small c lu ste rs  and often isolated defects, 
since c lusters  a re  m ore stable than either a string  of defects or single 
defects 8^’ 9\
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The question of whether in te rs titia ls  or vacancies are  produced preferentially
by these m echanism s has not yet been settled. F riedel sees no reason
why an i-jog (in terstitia l producing jog) or a v-jog (vacancy producing jog)
should not glide along the screw without creating point defects, and attach
(11)itself to an edge component of the dislocation line. Cottrell however,
argues that when two system s of moving dislocations m eet and in tersect,
i . e .  under multiple slip conditions, the screw -screw  in tersections a re  m ore
likely to produce in te rs titia ls  than vacancies because a dislocation which
creates a v-jog tends to move in the same direction as the in tersected
dislocation w hereas a dislocation which creates  an i-jog  tends to move
in the opposite direction. Thus the form ation of in te rs titia ls  would seem
to be p referred . The simple view that few in te rs titia ls  will be formed because
(8)of their large formation energy has been countered by Seeger who points
out that on the same argument the total dislocation length of a crystal would
not increase during cold work, contrary to well known experim ental fa c ts .
Seeger also points out that when one set of dislocations is  anchored,
C ottrell's  theory does not applyf and i-jogs will lag behind v-jogs on account
of the large formation energy of the fo rm er. However, th is should not
change the order of magnitude of the number of in te rs titia ls  created.
(12)Recently, H irsch suggested a model based on sessile  vacancy jogs 
in screw dislocations to in terp ret his re su lts  on the flow s tre s s  of 
aluminium and copper. He proposed that below a certain  critica l tem perature 
the screw dislocations advance with the aid of s tre ss  leaving a dipole or row 
of vacancies behind. Above th is critica l-tem perature the jogs advance with 
the aid of therm al activation, vacancies being em itted by and moving away 
from the jogs in the same therm ally activated p rocess .
(ii) Another suggested source of point defects is  the coalescence of two
edge dislocations of opposite sign on neighbouring slip planes forming a
row of either vacancies or in te rs titia ls  (F ig .l). F riedel who thinks
this to be a m ore likely source than the movement of jogs described above, suggests
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that the two arm s of a Frank-Read source may often lie on neighbouring slip
planes (due to, for example, one arm  intersecting another dislocation and thus
in part undergoing a change of slip plane). When they coalesce at the end of
each cycle of operation of the source, a line of point defects is created . A
(13)comparable mechanism has been proposed by Cottrell in which a closed 
dislocation ring containing jogs contracts to form a line of point defects (F ig .7). 
If the ring is  expanding as in A, the jogs can glide in the directions shown 
without producing point defects, but if the ring is  contracting as in B, the jogs 
glide backwards as far as possible without producing point defects. When the 
ring finally disappears a line of point defects m ust form  between the jogs.
Finally it is  im portant to note that all these theories re la te  to FCC m etals, 
and it is  ra ther uncertain as to.how much they describe the conditions in BCC 
m etals.
2.2.2.  The Effect of Irradiation .
(14-16)Many excellent review a rtic le s  have appeared on th is subject and therefore
this survey will be confined to neutron damage only with which some of the present 
experimental work is  concerned.
A neutron, since it c a rrie s  no charge, causes damage only by interacting directly  
with the nucleus of the lattice atom s. The area  of a nucleus presented to a neutron 
is very small so that a neutron will strike approximately only one atom in tra v e ll­
ing 1 cm. Now if the neutron im parts at least a certain  critica l amount of energy to
(17)the nucleus (e .g . 24 eV in the case of iron ), the.atom  will be displaced 
permanently from its  site in the la ttice  leaving behind a vacancy . This atom is 
referred  to as a prim ary knock-on and the critica l energy is  called the threshold 
displacement energy. However, since the energy of the bombarding neutron is  
usually about 1 MeV, not only will the struck atom be displaced from  its  site but it
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Figo 7
Figo 8
A B
o Contraction of a dislocation ring containing jpgg to 
form a line of point defects (after Cottrell
O Vacancies 0  Interstitials
o A cascade of displacements produced by a primary and 
secondary knockons after a fast neutron collision (after 
Cottrell <18> )0
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will also have a relatively  high energy im parted to it ( ^  6 KeV perhaps). Therefore, 
this atom is  in a position to bombard other atoms with the likelihood of displacing 
them from their s ite s . These further atoms a re  called secondary knock-ons and 
from these by the same process, even te r tia ry  knock-ons may be created. The 
displaced atoms come to re s t in in terstitia l positions leaving vacancies behind.
The prim ary knock-ons are  fairly  evenly distributed throughout the lattice but the 
secondary and te r tia ry  knock-ons a re  form ed in the neighbourhood of the parent 
prim ary knock-ons, since the mean free path of the knock-ons falls off with energy. 
Hence the la ttice  defect regions tend to form in c lu sters  (Fig. 8). A possible 
reaction at the end of a prim ary  knock-on tra jec to ry  is  a replacem ent collision 
where the prim ary  knock-on takes the place of a lattice atom ejecting it into an 
interstitial position. This has been observed in ordered alloys. This relatively 
simple theory is  known as the "Cascade Theory".
However, not all the kinetic energy of the incident partic les and the prim ary 
knock-ons is  dissipated as potential energy of displaced atom s. A considerable 
part may be taken up as tra n sfe rred  kinetic energy or excitation energy, and 
finally dissipated as heat. As the partic le or atom moves along its  tra jec to ry  it 
"brushes" against the atom s adjacent to its  path and regions will therefore occur 
with increased la ttice  v ibrations. These regions are  called "sp ikes". If no m ore 
than one atom is  thus heated to its  "melting tem perature" the spike is  re fe rred  to 
as a "therm al spike", w hereas if m ore than one atom are  thus affected, the 
region is called a "displacem ent spike" (F ig .8 ). A number of such spikes 
seperated from  each other by "cool" regions, will occur along a prim ary 
knock-ons path. In a displacem ent spike, the atom s a re  given sufficient energy
(19)to enable them to leave the ir sites and take up abnormal configurations. Brinkman 
has given the following h istory  of a displacem ent spike. As soon as the energy of a 
primary knock-on falls below a few tens of kilovolts it is  rapidly brought to re s t
O f )
(in a distance of the o rder of 100 A ) amid a dense shower of secondary displacem ents.
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410 or m ore atoms in a cylindrical region are  brought violently to the molten state 
with a great deal of turbulent flow. The atoms along the axis of the cylinder are  
driven out beyond the adjacent atom s, and im mediately the molten zone collapses 
and reso lid ifies. Since freezing will s ta rt at the outside, the resolidified m ateria l 
is largely in reg is te r  with the original la tt ic e . Most of the in terstitia ls  and 
vacancies anneal away, but an undetermined number of these, as well as  small 
misoriented regions and entangled dislocation loops, rem ain.
(14)Seitz and Koehler think that Brinkman has overestim ated the interaction energy 
between the closed shells of the copper ions by a very large factor, and that the
• / o v
mean free path of the prim ary  knock-on is  about ten tim es la rg e r . Seeger
believes that there will be a relatively  empty region in the spike out of which
many of the in te rs titia ls  have disappeared in the form of "dynamic crowdions” .
A crowdion is an ex tra atom squeezed into a lattice row, and is  a concept used
(20)by Lomer and C ottrell to help to explain annealing phenomena in irrad iated  
metals. The dynamic crowdion of Seeger is  an unstable crowdion which propagates, 
so to speak, an in te rs titia l near the centre of a spike over a distance of up to 150 
or so atomic d iam e te rs .
(21)Interest has now been aroused in "focussing” collisions. Silsbee suggested 
that there is a strong focussing tendency in the propagation of momentum down a 
close packed row of atom s, and it seem s likely, therefore, that under favourable 
circumstances the momentum of a displaced atom will be directed along one of the 
close packed -Cll0> directions of an FCC crystal, and that the state of being in an 
interstitial position will propagate along that direction as  a dynamic entity with 
little energy dissipation.
The focussing hypothesis has recently  received excellent experim ental 
(22)confirmation . Investigations of the ranges of partic les along different c ry s ta l- 
lographic directions suggested another possible mode of energy and m ass tran sfe r.
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This is the phemomenon of "channeling", whereby a prim ary knock-on may move
down an open channel in the lattice bordered by close packed chains. This idea
(23)
has recently received experim ental confirmation
The radiation damage problem  has been helped in recent years  by computer
simulation. In this method, a computer calculates the equations of motion of a
number of 'a tom s' form ing a crysta llite , after a prim ary  knock-on has been ejected
from its site . As yet, the method has been lim ited  to handling between 500 and 1,000
atoms and prim ary  knock-on energies of up to about 400 eV. However, using a simple
(24)model of m etallic copper. Vineyard and his co-w orkers concluded that:
(a) Damage at low energies consists of vacancies and in te rs titia ls .
(b) Vacancies a re  of the conventional character, but in terstitia ls  reside in the 
split configuration i .e .  an atom p a ir with its  centre of m ass on a lattice site . No 
other configuration of the in te rs titia l has been found to be stable.
(c) Focussing collisions occur in both <110> and <100> directions.
(d) A focussed sequence with energy above about 30 eV c a rrie s  m atter in the 
form  of a crowdion.
(e) Vacancies a re  left behind in fairly  compact groups, some producing a 
variety of c lu ste rs .
.(f) The damage to some extent resem bles therm al spikes.
(25)Similar conclusions w ere drawn from  a comparable study of alpha-iron
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2.2.3. The Effect of Quenching
The number of point defects in a m ateria l increases with increase of tem perature
(equation (2) ) so that at high tem peratures a significantly higher concentration can
-4
exist in therm al equilibrium . In FCC m etals most of these (up to 10 ) may be
retained at tem peratures where they a re  unable to diffuse, by quenching the crystal 
rapidly to these tem peratu res. In FCC m etals, this method has the advantage that 
only excess vacancies a re  thought to be produced, as opposed to cold-work and 
irradiation which alm ost certainly produce in terstitia ls  also.
On annealing the quenched m etal the excess vacancies m igrate to "sinks" where 
they are annihilated, thus resto ring  equilibrium conditions. Hence quenching may 
be used to determ ine the activation energies for the form ation and m igration of 
vacancies.
(*)f\
Koehler, Seitz and Bauerle made a theoretical investigation of quenching in 
gold, making the following assumptions: -
(a) The quenched-in defects a re  either vacancies, divacancies o r trivacancies.
(b) If a vacancy is m ore than a few atomic distances from  a dislocation, the 
force attracting it to the dislocation is  negligible.
(c) The vacancy concentration near a dislocation is  maintained at the equilibrium  
value for the tem perature  in question.
(d) The total concentration of voids is conserved during quenching.
(e) Sufficient tim e elapses at the low tem perature to attain the equilibrium  
ratio of divacancies to vacancies.
The conclusions of this investigation w ere that an appreciable number of 
divacancies w ere form ed, particu larly  if the quenching tem perature was above 
850 C. The binding energy of a divacancy is  sm all, lying between 0 .1  and 0 .2  eV.
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The activation energy of motion of a divacancy does not differ greatly from that of 
a single vacancy, being approximately 0.1 to 0 .2  eV le ss  than that of a single 
vacancy.
(21 28^
However, th is picture was la te r  modified. Work on quenched aluminium 
indicated that there  a re  two stages of annealing. The f irs t  annealing stage which 
occurs at about room tem perature, can be explained as due to the clustering of 
vacancies, and the second stage, at about 160°C, to the dispersion of these clusters 
by self diffusion to sinks. If the quenching tem perature is  lowered to about 500°C 
the clustering process is  slowed down and many vacancies probably succeed in 
reaching dislocations. If the quenching tem perature is  lowered still further to 
about 400°C, c lu ste rs  have no time to form and hence the number of divacancies 
is greatly reduced, and nearly all the vacancies manage to reach  dislocations.
(29)Frank f irs t proposed that d iscs of vacancies might be form ed and collapse
to form sessile  dislocation rin g s . Kuhlmann-Wilsdorf realising  that Frank Read
sources could not be the only sources of dislocations in m etals, extended the
vacancy disc collapse idea for m etals with high stacking fault energies such as
aluminium. In the FCC lattice excess vacancies created  by quenching or plastic
deformation agglom erate and condense in rings of approximately 100 atomic
diameters ac ro ss  on the (111) planes to form  a stacking fault bounded by a
sessile Frank dislocation of the p rism atic type. This can now be converted into
a dislocation source of total p rism atic  (R-dislocation) type if it is  swept by a
Shockley partial dislocation which lies  in the same octahedral plane. An
analogous reaction should be possible in BCC la ttices on the (110) planes. This
(31)theory was substantiated shortly afterw ards by H irsch et a l. who, using 
electron transm ission  m icroscopy, observed such prism atic dislocation loops 
in quenched alum inium .
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(32)Following th is up, Silcox and Whelan made electron m icroscopy studies of the 
annealing of quenched aluminium specimens, using both thin foils and thicker 
m aterial. They found that the loops disappear at about 170°C . Their conclusions 
were that:
(a) the loops disappear by em itting vacancies,
(b) in thin foils, loops anneal out with an activation energy of about 1.3 eV, which 
is of the order of self diffusion,
(c) in bulk m ateria ls , the loops anneal out in the same tem perature range
(/>/ 170°C), but that param eters such as the ra te  of annihilation depend on 
the vacancy supersatuation, and that large  loops tend to grow at the expense 
of sm aller ones, and
(d) the tem perature range in which the loops disappear is  the range in which certain  
electrical resis tiv ity  effects produced by quenching anneal out, thus lending 
support to the idea that the loops a re  the main cause of the increase in 
resistiv ity .
(33)Kimura et a l . calculated new decay laws for quenched-in vacancies in m etals 
in which they used two types of sink for the vacancies. These were stray  d is ­
locations and sessile  dislocation rings form ed by the collapse of d iscs of vacancies. 
It was concluded that for quenching from  above a c ritica l tem perature m ost of the 
divacancies are  annihilated at the sessile  rings, w hereas for quenching from below 
the critical tem perature m ost of the vacancies diffuse as single vacancies to stray  
or network d islocations. On th is model the proportion of divacancies to vacancies 
quenched in from about 800°C is  g rea te r than half, and from below the critica l 
tem perature, very sm all.
A further advance was made during quenching studies of gold where Silcox and 
Hirsch observed te trahed ra l shaped defects after ageing their quenched
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specimens at 100 C for an hour. They proposed that these were te trahedral
(35)stacking faults formed by the collapse of discs vacancies. Cotterill found that 
about 800°C was a critica l quenching tem perature for gold, above which stacking 
fault tetrahedra w ere form ed and below which small c lusters  of vacancies were 
formed which appeared in the electron m icroscope as black spots.
V'
The effect of quenching on the mechanical strength of aluminium was observed to 
be that of increasing the critica l shear s tre ss  and decreasing the damping
/ o n  (36)
. Maddin and Cottrell found th is "quench hardening” to be insensitive 
to impurity content but that it increased rapidly with quenching tem perature . On 
subsequent plastic deformation, coarse slip lines were observed, which led the 
authors to conclude that the excess vacancies produced on quenching condensed 
round dislocation lines ra th e r  than clustering between them . E ither the form ation of 
jogs or of cavities could be the cause of the coarse slip.
This theory is  well supported by Levy and M etzger’s study of internal friction in 
(37)aluminium . They observed a reduction in the amplitude dependent damping 
which can be related  to the ea rlie st stage of plastic flow before dislocation 
multiplication has begun. The reduction in damping (and hence the strengthening) 
is easily explained as  due to the re s tra in t on the motion of the dislocations due 
to the condensation of vacancies on to them .
(38)Roswell and Nofwick found that the internal friction of quenched gold
’ o o
annealed away in the tem perature range from 160 C to 200 C . They explained
this as due to e ither the self diffucion of the vacancy atm ospheres down d is ­
location "pipes" or to the diffusion of excess vacancies trapped in the la ttice .
(39)Gregory '  made a rough calculation for the possibility of quenching in vacancies 
in BCC m etals. He found that for a poly crystalline specimen of niobium, a
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5 o Xquenching ra te  of 6.9 x 10 K sec , would be required  to obtain a m easurable
increase in the resis tiv ity . In a single crystal, on the other hand, he suggested
3 o “1that a quenching ra te  of 6.9 x 10 K sec , could just produce a m easurable
effect, if it be assum ed that the excess number of defects at the m elting point is
-4 (40)about 1 x 10 %. Rosenfield however, pointed out that Gregory had o v er­
looked in his calculation the likelihood that in te rs titia l atom s in solution will act 
as sinks for vacancies, and, therefore, it is  doubtful whether in BCC m etals excess 
vacancies can be retained by quenching.
2 .2 .4 . Summary of the Defects Produced by Various Types of Damage
Table 1 gives a rough guide of the types of damage produced by quenching, 
cold-work and irrad ia tion .
TABLE 1
Defects produced by quenching, cold-work, and irrad ia tion .
Quenching
Vacancies 
D i-vacancies 
Vacancy c lu ste rs  
A few dislocation loops
Cold-work
Dislocations 
Vacancies 
In te rstitia ls  
Point defect c lu sters
Irradiation
Vacancies 
In te rstitia ls  
Vacancy c lusters  
A few dislocation loops
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2.3. THE REMOVAL OF DAMAGE BY ANNEALING
2.3.1. FCC M etals in General
The recovery of physical properties in FCC m etals such as e lectrical resis tiv ity
can be roughly classed into five stages occurring over different ranges of annealing
(41 4 2 ) (43)
tem perature ’ . Van Bueren has sum m arised the known facts about
copper, silver and gold under the headings, activation energy, tem perature range,
percentage recovery of resistiv ity , and the number of atomic jumps, j, made by
(20)the m igrating defect to annihilation . For copper th is summary is  reproduced 
in Table 2. The number of atomic jumps, j, is  given by
j = v t exp (-E /kT ) . .  ................. (4)
13 -1where v is the atomic vibration frequency at T = 0 (about 10 sec ), t, the 
time, E the activation energy and and T absolute tem perature . Some of these 
results are illustra ted  schem atically in F ig. 9. The uncertainty in the value of 
j is of the order of 10 to 100 due to the inaccuracy in the m easured values of the 
activation energy on which j depends. There a re  few or no annealing effects out­
side the five tem perature ranges shown in Table 2.
Stage 1 has been found only in irrad ia ted  copper and was at f irs t thought to be
due to the m igration of in te rs titia ls  to dislocations and other annihilation sinks,
or to the nearby vacancies from which they had been ejected (close pair recom - 
(14)bination) . This explanation seemed very reasonable in view of the experi­
mentally determ ined activation.energy (0.1 eV) which was in  the range of the
activation energy for m igration of an in terstitia l in copper as calculated by
(44)Huntington ; also because the stage did not occur in cold-worked or quenched
(45)materials.. However, Huntington's calculation was rev ised  by Seeger who 
found a much higher theoretical m igration energy, so that as  a resu lt other
(46)explanations have been offered for this annealing stage. Kinchin and Pease
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TABLE 2
Recovery stages of resistiv ity , in quenched, cold-worked and irrad ia ted  copper.
Stage
1 ■ - ...... .. tm,
Act. En 
(eV)
Temp. Type of 
damage
'% decrease 
of p.
No. of at. 
jumps, j
Rem arks
I 0 .1 -230°C
o
ir ra d i­
ation
40% 103 
9 10
a
II 0.15-0.4 -100 C ir ra d i­
ation 
and co ld- 
work
20% 1 0 - 1 0
III 0 .5 -0 .9 0°C ir ra d i­
ation 
cold- 
work and 
quenched
20-40% b
IV 1 .2 200°C cold-work
and
quenched
10-40% io3 c
V 2.1 300°C irra d i­
ation
cold-work
and
quenched
completes
recovery
d
Remarks
a. Only observed in irrad ia ted  Cu.
b. % decrease depends on method of treatm ent. It is  not possible to define a mean 
number of jumps since the estim ated value varies  between 1 and 10^.
c. Only observed in quenched Cu^ Au and deformed m etals. % decrease depends 
sensitively on the tem perature of the previous deformation procedure, varying 
from 40% for a specimen deformed at room tem perature to about 10% at much 
lower tem peratures.
d. Less conspicious in the irrad iation  of quenched m etals. The estim ated value 
of n here is m eaningless since n = 10"2 .
NoB. The num erical data in this table rep resen t only rough averages.
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suggested an "in terstitia lcy  m igration” in which the moving in terstitia l atom
changes place with a normal atom, pushing the la tte r  into an in terstitia l position. 
(4 7 )
Blewitt on the other hand, p referred  a crowdion m echanism . Both these
mechanisms should have a lower activation energy than plain in terstitia l m igration.
(48)More recently, Corbett, Smith and W alker distinguished five substages of 
stage I in the annealing of electron irrad ia ted  zone refined copper. They have 
explained these substages as due to close-pair recombination, and m igration of 
interstitials to sinks, trap s  and other in te rs titia ls . The in terstitia l c lusters  
formed, they believe, break up and anneal away in stage III.
Stage II annealing, which occurs with a g rea te r spread of activation energies and
a larger tem perature range than stage I, has been ascribed either to some kind of
(42) (42 49)cluster formation or to the interaction of point defects with im purities ’
/ C
For example, Bartlett and Dienes calculated an activation energy for motion 
of 0.3 to 0.4 eV for divacancies in copper.
(49)Hasiguti analysed the im portance of various types of im purity trappings of
interstitials, and ascribed the spread of activation energies in Stage II to the
liberation and annihilation of several kinds of shallow trapped in te rs titia ls  with
(20)different activation energies. Lom er and Cottrell , however, favoured the
trapping of vacancies at im purities as taking place in Stage II. Their theory
is based on the computed values of j (equation (3) ). Applying ra th e r strong
corrections to the value of j deduced directly  from experim ental observations,
6they showed that Stage II is  characterised  by a mean value of j of about 10
8 2 to 10 , and Stages III and IV both by a mean value of about 1 to 10 . Hence
they deduced that Stage II is  the m igration of vacancies to trap s, the higher
Stages (III and IV) being due to the gradual re lease  of vacancies from  these
traps. These authors also offered an alternative explanation which is  that
Stage II is  the resu lt of a crowdion m echanism in which the crowdion s
become trapped by vacancies lying a few atomic rows away. This mechanism
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7 (4) i.gives j = 10 . Van Bueren on the other hand favoured In te rstitia l m igration
(or possibly also crowdion or in terstitia lcy  m igration) in view of tne absence of
Stage II in quenched m etals.
(51)Stage III. Huntington and Seitz calculated the activation energy of vacancy
migration in copper to be in the range from 0.5 to 1.0 eV. The view that Stage III 
is due to the annealing out of vacancies, as implied from the values of activation 
energy for the m igration of vacancies was given support by the quenching
( n f \
experiments of Koehler et a l. , who found a m igration energy of 0.7 eV for
vacancies in gold. Unfortunately other resu lts  do not support this explanation.
(52)As early as 1953 Brinkman et al. ca rried  out experim ents on the ordering
kinetics of proton irrad ia ted  Cu^ Au which have shown that the Stage III anneal­
ing is associated with the m igration of a lattice defect which has no effect on the 
degree of order, w hereas during Stage IV a defect m igrates which can produce 
order. Since vacancies can jump between copper and gold sites and affect the 
ordering considerably, they would appear to be diffusing in Stage IV.
Bartlett and Dienes estim ated that the energy of m igration of vacancy pairs
in copper was about 0 . 6  eV which is  in good agreem ent with the observed recovery
(43)energy of 0.7 eV in Stage III. On this basis  van Bueren explained Stage III 
in his scheme, as divacancies diffusing to dislocations or to form  c lu sters .
(45)
Another view is  that of Seeger who calculated the activation energy of 
interstitial m igration in copper to be 0.75 eV. Therefore he associated Stage 
III with in terstitial m igration. To explain the occurrence of Stage III in quenched 
metals, which are  unlikely to have in te rs titia ls  in any great quantity, Seeger 
argued that since there are  so few dislocations to act as sinks for the vacancies,
Stage II would occur at tem peratures about 100 C higher than norm al, i .e .  in
' (49)what is normally the Stage III region. Hasiguti ascribed Stage III to the
liberation and annihilation of deeply trapped in te rs titia ls .
(20)Lomer and Cottrell on the basis of their recalculated values of j, deduce that
Stages III and IV a re  actually identical, since both are  associated with a mean j,
2value of 1 to 10 , and attributed these Stages to the gradual re lease  of the vacancies 
trapped at im purities in Stage II. A lternatively, if Stage II is  due to a vacancy 
crowdion interaction, Stage III would be due to the movement of the vacancies to 
combine with the crowdions. This also requ ires  only a very low value of j.
Stage IV , which is  hardly observable in irrad ia ted  specimens is  usually associated
(52)with the m igration of vacancies. For example, the work of Brinkman et a l .
on Cu_ Au mentioned e a rlie r, indicated that vacancy movement produced order o
in Stage IV.
(53)Seeger and Stehle calculated the activation energies of vacancy m igration in 
copper and gold to be at leas t l.O eV and 0.8 eV respectively . From  experim ents
on the variation of the coefficient of dilatation and of the specific conductivity at
(54) (55)high tem peratures, Meechan and Eggleston and Jongenburger obtained a
/ qo\
value of 1.2 eV for the respective activation energ ies. Roswell and No^wick
investigated the effect of quenching on the dislocation internal friction of gold,
(37)and Levy and M etzger likewise on aluminium. They found that quenching 
suppressed the dislocation damping, which then recovered after annealing in 
Stage IV. Since the decrease in the damping was alm ost certainly due to 
vacancies pinning the dislocations, it would again appear that vacancies are
(4 )the diffusing defects in Stage IV . It might be argued that it is  unreasonable 
to assign vacancy diffusion to Stage IV on account of the very low recovery in 
this stage in irrad ia ted  m ateria ls , in which one would expect vacancies to be 
formed in large num bers. However, th is difficulty can be m ore or le ss  removed 
when it is rem em bered that vacancies and in te rs titia ls  a re  presum ably form ed in 
about equal numbers, and that the diffusion of in te rs titia ls  in one o r m ore of the 
previous stages has already led to appreciable in terstitia l vacancy recom bination.
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It is of course unlikely that all the in te rs titia ls  will m eet with a vacancy, as  some 
should reach dislocations or grain boundaries f irs t,
Stage V is  the region of mechanical recovery, and it is  generally agreed that it 
is associated with self diffusion and dislocation climb in the m a te r ia l, After this 
stage all the physical properties are  completely resto red . In Table 3 a summary 
is given of the m ain annealing m echanism s. It should however, be appreciated 
that there is  still g reat variety  of opinion as to the m echanism s to be attributed 
to the various annealing stages.
TABLE 3
Summary of the m ain annealing m echanism s in quenched, cold-worked and irrad ia ted  
FCC m etals.
Stage Reference Model
Koehler In terstitia l m igration
(4)
van Bueren close-pair annihilation
I
(-230°C)
Seeger ®
Corbett, Smith 
and W alker^S)
close-pair annihilation and 
rearrangem ent in spikes etc
in terstitia l m igration, close-pair 
recombination, in te rs titia l cluster 
form ation.
T T . (49) Hasiguti close-pair annihilation and 
in terstitia l m igration.
44
TABLE 3 (Cont.)
Stage Reference Model
Koehler ^ 4 ’15^ divacancy m igration (cold-work)
(4)van Bueren in terstitia l m igration or crowdion 
or in terstitia lcy  m echanism .
II
(-100°C)
Lom er and 
Cottrell (20)
trapping of vacancies or trapping 
of crowdions.
c (8)Seeger divacancy m igration or wide pair 
recombination.
Corbett, Smith 
and W alker (48)
re lease  of in te rs itia ls  from chemical 
trap s  or divacancy m igration.
TT . .(49) Hasiguti shallow trapped in terstitia l m igration 
and possibly divacancy and m ulti- 
in te rs titia l m igration.
Koehler ^ vacancy m igration
(4)
van Bueren divacancy m igration
III
Lom er and 
Cottrell (20)
re lease  of vacancies from trap s  or 
re lease  of crowdions from tra p s .
(0°C) Seeger ^ in terstitia l m igration
Corbett, Smith 
and W alker (48)
vacancy m igration or break up of 
in terstitia l c lu ste rs .
TT . . (49) Hasiguti deeply trapped in ter stitial m igration
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TABLE 3 (Cont.)
Stage Reference Model
(4)van Bueren vacancy m igration
TV
Lom er and 
Cottrell (20)
re lease  of vacancies from trap s  or 
re lease  of crowdions from tra p s .
to O 
i
o 
■ o O Seeger ^ vacancy m igration
Hasiguti ^ vacancy m igration
K o e h l e r ^ self-diffusion allowing the climb of 
dislocations.
(4)van Bueren self-diffusion "
Lom er and 
Cottrell (20)
self-diffusion "
V
(300°C) c (8 ) Seeger self-diffusion M
Corbett, Smith 
and W alker (48)
self-diffusion allowing the climb of 
dislocations
TT • • (49>Hasiguti self-diffusion . M
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2 .3 .2 . BCC M etals
Considerably le ss  work has been carried  out to study the annealing stages in BCC 
m etals. It i s ; therefore, m ore convenient to tre a t each m etal individually.
2 .3 .2 .1 . Iron
Thomas and Leak , studying stra in  ageing in iron over a tem perature range
from 20°C to 250°C, found that the ra te  of the re tu rn  of the yield point paralleled
the rate of m igration of in terstitia l im purities from solid solution to dislocations.
(57)Subsequently Wagenblast and Damask observed that irrad iation  accelerated  
the diffusion of carbon from solid solution in iron, as m easured by the fall in height of the 
carbon internal friction peak. The activation energy of this p rocess was found to 
be of the order of the activation energy for diffusion of carbon in unirradiated iro n ,
Since the annealing kinetics were of second order, they explained the irrad iation  
results as carbon atoms m igrating to vacancies and/or in te rs titia ls  which had been 
produced during the irrad iation  t.
2 .3 .2 .2 . Molybdenum 
/co\ ""
Martin annealed specimens that had been w ire drawn at room tem p era tu re .
For a 44% reduction in area , about 50% of the additional resis tiv ity  annealed out
in a well-defined recovery p rocess between 100 and 180°C with an activation
energy of 1.26 -t 0.04 eV. The g rea te r the amount of cold work the g rea te r
was the annealing step compared with the. re s t of the curve. M artin suggests
(59)that vacancies m igrating to sinks a re  the cause of the step. Peiffer found a 
linear relationship between the percentage elongation and the change in resis tiv ity  
of molybdenum deformed by various amounts in tension at room tem peratu re . He 
also found a linear relationship between the rate  of recovery of resistance  after 
six hours at 145°C and the elongation. At th is annealing tem perature about 26% 
of the resistance increase was recovered .
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.Makin and Gillies examined the effect of irrad iation  on the mechanical
properties of molybdenum. They found that the yield s tre ss  increased at all
o o
tem peratures between 20 C and 200 C^the increase being g rea te r the higher the
tem perature. A m arked yield point developed after an anneal at 200°C for one
hour suggesting m igration to and anchoring of dislocations by vacancies produced
f f\[ \
during the irrad ia tio n v Kinchin and Thompson studied the effect of irrad iation
and subsequent annealing on the e lectrical resis tiv ity  and the stored energy.
Specimens irrad ia ted  at 30°C showed an initial sharp r ise  in resistance  as the
18dose was increased but th is curve flattened off when the dose exceeded 10 neutrons
9 Ocm . When specimens which had been irrad ia ted  at -196 C were annealed two
o orecovery stages were discovered, one at -170 C and the other at 150 C. The
corresponding activation energies and number of atomic jumps are  shown in
Table 4.
TABLE 4
oRecovery stages observed in molybdenum after neutron irrad iation  at -196 C
Recovery Stage Tem perature Act. Energy No* of a t . jumps
I - 170°C 0.25 eV 105 * 2
II 150°C 1.3 eV ■ 1 0 * - 5 *  2
The first stage was attributed to the m igration of in te rs titia ls  to either vacancies or 
impurity atoms . The second stage was attributed to the m igration of vacancies 
either to the trapped in te rs titia ls , which were present in the form of crowdions , or 
to other vacancies to form highly mobile divacancies. E ither of these two m echanism s 
would account for the low number of jumps associated with the second s tag e .
48
(f\r)\
Adam and M artin followed the annealing of the lattice param eter and linear 
dimensions of specimens irrad ia ted  at 30°C. The linear dimensions were found 
to increase relatively m ore than the lattice param eter. Therefore, since any 
uniform distribution of defects within the lattice would affect the linear dimensions 
and the lattice param eter sim ilarly , new lattice sites m ust be formed during 
irradiation to account for the large increase in length. This could occur if single 
in terstitials have a lower activation energy of m igration than vacancies. Therefore, 
they argued, the defects rem aining after the 30°C irrad iation  producing the unit cell 
expansion, m ust be either trapped in te rs titia ls  or c lusters  of in te rs titia ls . The 
large tem perature range of the annealing indicates that the depths of the trap s  or 
the sizes of the c lu sters  a re  probably variable and the decrease in length observed 
on annealing at 180°C could be explained as the re lease  of in te rs titia ls  from  the
//:q\
traps or c lusters , or alternatively vacancy m igration. Gray also m easured 
’the lattice expansion of irrad ia ted  molybdenum. He found three annealing stages, 
one in the range from 100°C to 200°C, the second at about 400°C and the th ird  in 
the range from 500°C to 800°C.
From his resu lts  he in ferred  that the m igrating defect probably reacted  in a complex
manner with its  surroundings and that his f irs t annealing stage could be best explained
as due to the trapping of in te rs titia ls  at small im purity atom s. L ater work by Gray 
(64)and Cummings on the la ttice  param eter, X -ray line width and m icrohardness 
of molybdenum after irrad ia tion  at 35°C to various total fast neutron exposures, led 
them to the following conclusions:
a) in terstitia ls  a re  mobile at the irrad iation  tem perature (35°C);
19b) in the initial stages of irrad iation  ( < 1 0  nvt) the predominant in te rstitia l 
recovery reactions are  annihilation at vacancies and trapping at small substit­
utional im purity atoms;
19c) at m oderate and higher exposures ( > 1 0  nvt) form ation and growth of 
interstitial c lu sters  predom inate.
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2 .3 .2 .3 . Tungsten
^/j^ o o
Kinchin and Thompson also irrad ia ted  specimens of tungsten at 30 C and -196 C 
and studied the effects of annealing on the resis tiv ity . Table 5 shows the activation 
energy and number of atomic jumps for the two annealing stages found at -80°C 
and 320°C.
TABLE 5
Recovery stages observed in tungsten after neutron irrad iation  at -196°C 
(After Kinchin and Thompson (61/.
Recovery Stage Temperature*
° c
Act. Energy Number of atomic 
jumps
I -80 0.48 eV 2q4 .5 T 1
II 320 1.7 eV ]_q2.5 4r 1.5
As for molybdenum the f irs t stage was attributed to the m igration of in te rs titia ls  to 
either vacancies or to im purity atom s where they become trapped. Likewise, the 
second stage was attributed to the m igration of vacancies either to the trapped in te r ­
stitials or to other vacancies to form  divacancies which quickly m igrate to sinks. 
Thompson made a study of tungsten irrad ia ted  at -270°C? different specimens of 
which had been p restrained  and annealed to different tem peratures before undergoing 
radiation damage. He used four types of specimen, cold drawn to the same degree 
but annealed at 2000°C, 1500°C, 800°C and not at a ll. A fifth specimen used contained 
a greater im purity content. He found four stages of recovery which a re  given in 
Table 6 .
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TABLE 6
ORecovery stages observed in tungsten after neutron irrad iation  at -270 C
Recovery Stage Temp. Range (°C) A ct. Energy (eV)
I <£- 170 -
II -170 to 350 0.25 to 1.7
III 350 to 450 1.7
IV >450
The activation energy in the second stage varied from 0.25 to 1.7 eV, and in the 
third stage had the value of 1.7 eV. In the second stage recovery was enhanced 
by the p restra in , affected by the im purity content and, in the well annealed sam ples 
after irradiation, suppressed. By comparing his re su lts  with those of other m etals 
he concluded that in stage I in te rs titia ls  m igrated to trap s  such as vacancies, grain 
boundaries, im purities and dislocations; in stage II in te rs titia ls  w ere re leased  from 
impurities and dislocations, and in stage III vacancies m igrated to sinks. Thompson 
noted that in the FCC and BCC m etals so far studied stage III occurred at a tem perature 
which was about 20% of the m elting point, Tm (in °K). For each m etal he also 
calculated the product of the activation energy and the m elting point . From  these 
values it can be seen that the activation energy for the stage III recovery in FCC 
metals is of the o rder of 5 .4  x 10 ^ Tm eV and in BCC m etals, 4 .6  x 10” ^T m , eV. 
Furthermore, in the BCC m etals the tem perature at which the recovery  occurs is 
closer to 16% than the 20% quoted by Thompson. The effect of cold-work was to
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enhance the recovery p rocesses. Thompson explains th is as due to aggregation of 
vacancies caused by the action of displacement spikes on the strings of vacancies 
produced by the cold work.
Also, in Thompson's work there is  a very noticeable acceleration of the recovery 
above 250°C in those specimens with little  or no preanneal. This confirm s the 
work of Schultz on the recovery of resistiv ity  in cold-worked tungsten. He 
found the m ajor recovery to lie within the range 300° - 400°C with an activation 
energy of 1.73 eV. A m ore detailed program m e on the recovery of the cold-worked
/f \
tungsten was ca rried  out by Neim ark and Swalin . They followed the resistiv ity  
on two types of specimen containing different amounts of im purities. Both types 
were rolled at room tem perature and studied in the annealing range 250° - 450°C.
In this range they distinguished two different p rocesses with the change occuring 
at about 325°C in the relatively  pure specimen and about 375°C in the relatively 
impure specimen. The activation energies associated with these annealing steps 
are shown in Table 7.
TABLE 7
Recovery stages observed in pure and im pure tungsten after p lastic deformation at 
room tem perature. (After Neim ark and Swalin (67) )o
Recovery Stage Act. Energy, eV
Pure W Impure W
I 1.5 + 0.1 1 . 2 + 0 . 1
II 1.7 + 0.1 2 .3 + 0 . 1
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2 .3 .2 .4 . Niobium
(68) 20 Makin and M inter studied the effect of heavy neutron irrad iation  (about 10
2 oneutrons cm ) at 16 C on the mechanical properties of niobium. Only a m oderate 
increase in yield strength occurred but on annealing in the tem perature range from 
125°C to 175°C a further large increase occurred with the appearance of a yield 
drop in the s tre s s -s tra in  curve. The activation energy of the annealing process 
was 1.30 -t 0.1 eV and it was concluded that the process was due to the m igration 
of vacancies, the yield drop being due to condensation of the vacancies onto d is ­
locations. Recovery of irrad iation  hardening began at 350°C and was complete 
after one hour at 600°C (Fig. 10 , p. 38).
(69) oDyson et a l. found that in niobium cold-worked at -78 C, the yield point
returned after annealing at about 160°C for three hours. This they attributed to
oxygen atoms returning to dislocations and relocking them . Szkopiak and Miodownik 
(70) confirmed this in terpretation with a study of yield point and internal friction 
in cold-worked niobium. Their re su lts  showed a fall in the oxygen internal friction 
peak on annealing at 155°C, the process taking place-with an activating energy of 
1.12 eV which is  of the o rder of the activation energy for the diffusion of oxygen 
in niobium (1.15 eV).
Peacock followed the recovery of resis tiv ity  of niobium irrad ia ted  at 40°C.
He found a m ajor recovery  stage between 80 and 180°C with an activation energy
2of 1.22 ± 0.02 eV and an associated number of jumps of 10 (Fig. 11). He also 
found a recovery process in the same tem perature range and with the same
3
activation energy but an associated number of jumps of 10 in plastically  deformed 
specimens. The irrad ia ted  specimens in addition showed a gradual recovery above 
250 C, a process which was found also in cold-worked niobium which had been 
previously s tre ss  relieved at 700°C after a 90% reduction in a rea . This p rocess 
was barely noticeable in cold-worked specimens which had previously been re -  
crystallized at 1325°C after a 90% reduction in a rea . Peacock suggests that the
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sharp annealing process between 80° and 180°C is due to the m igration of vacancies, 
probably," to im purity trap s  in order to account for the low number of jum ps. The 
substantial recovery observed above about 250°C in the m ore heavily cold-worked 
specimens is  attributed to the relaxation and re-grouping of dislocations.
sj2) o o
Gregory also found a recovery stage between 90 C and 170 C in both swaged
electron beam m elted and arc-m elted  niobium. The recovery was much g rea ter
in the case of the le ss  pure (arc-m elted) niobium than in the electron beam m elted
m aterial. These resu lts  indicate that im purities trap  the m igrating defect, thus
increasing the recovery ra te  in this stage.
(73)Nihoul , however, argues that Peacock's resu lts  show second order kinetics in 
othe main 130 C annealing stage. Therefore, he in terp re ts  this stage as being caused 
by in terstitia ls  m igrating to vacancies on analogy with the main interpretation of 
stage III in FCC m etals.-
(74)A theoretical calculation was carried  out by Shaw to determ ine the energy of 
formation and the energy of m igration of vacancies in BCC la ttices . He suggests 
that the vacancy ex ists as a "coilion” , which is  a parent atom situated sym m et­
rically within two adjoining vacancies. The sum of the two activation energies 
should approximate to the experim entally determ ined energy of self diffusion if 
one assum es that self diffusion takes place by means of the formation and m igration 
of vacancies. Shaw's re su lts  show fa ir agreem ent between the sum and the self 
diffusion energy for alpha-iron, molybdenum and tungsten, but very poor agreem ent 
for niobium and tan talum . In the case of niobium he found E^ = 1.20 eV and Em =
1.40 eV. the sum of which does not compare well with the known value of E^ = 4.56eV.
The various hypotheses put forward to explain the stage III and IV annealing p rocesses 
in niobium are  listed  in Table 8 . The other BCC m etals have been omitted in view
55
of the wide variation in each m etal of the activation energies of the annealing out 
processes and their tem perature ranges.
56
00
W
-ICQ
(S
X3
CU
cd
t-rHT3
cd
P
P
• rH
T3
Picd
"O
CU
M
P
0
£1T3
7*“HOo
COCUCO
CO
CUo
o
P
a
bo
Pi
•rHP“Hcd
CU
Pi
Picd
> i—i
-a
Picd
bocd+->
m
qp
O
CO
6CO
•rH
Picd43a
cu
CU434->
p
o
CO
cuCO
cu43
a .-5  
£ . 2  K s
to‘IpCO
cuPi+->oa,
£T
Pio
•rH ^-Mcd bo> Pi
'd cu o rt >  
<j W  cu
Pi
cu
-p
cu
acd
Pcd
P p
a)bo
cdacd
Q
qpO
CU&
£
CO
cuo
Pi
cu
p<uqp
cu
Pp
j
CO
°rHT3
qpO
PiO
•rH
cd
&
o o
Pi "rHip
n2  P> oE> ! 1
O
co
T3
cd
P
P
00•o
p
cu
Pi
T3
Picd
Mcd
co
Pi c § .2 bo d  
cd o  
d o
'o ^  O °rp
fl Vo o
•rH P J  •M
cd co
ao&
Pi ps
UP
Pi
o O O
Pp P p P p
T3 T3 X3
CU cu , CU
J* !X
M
PO
"Ol“HO
U
On
VO
CU
PioCO
COpi a .2 bo d  i>> cd X O 
O O 
qp 'm
O °rH
fl ^  o  o
• rP
-IPcd CO
.§>1 s  ts
CSI
rxpo
£
o
U
o
TI
Pi ^  
cd M
Mcd•ipO-
O
M
N
CO
Pi
£o
TJ
O
Picdo
cd
>
qpO
Pio"rP+->cd
8)
°rH
P
p)
cua
CO
Oucd
P
CM
CM
•pH>
CD
CU
pq
T3
Picd
44
p
0
£1
X3
p—Ho
U
Pio
•rH-J-Jctf
•rHT3
cd
P
P
Mo
oo
cd
cuCL,
cu 2  
-M Pi 
Pi cd 
•rH O
qp cd 
O >
Pi O0 ^  
d  co
01 ■a&
co
r>
pj
o
43
•rH
2
( Do08I Do
i
p ®
Pi qp cd O
bO bO 
Pi Pi
•rH °rH
X  Ducd piv-H O
cu d  
& bio
>>•M
•rH
i>
co
cu
pp
TJ-
Picd
44
p0
£1
cd
•rH 
H P  " O12 cd
o
O
44o
oo
cd
cu
Pp
( D 0 OSZ) 
AI aSeas
57
2 .4 . CLASSIFICATION OF INTERNAL FRICTION SOURCES.
2.4.1. Relaxation
2.4.1.1. Single Relaxation~ ♦
A stre ss , cf, instantaneously applied to a perfectly e lastic  m ateria l induces an 
instantaneous strain , £ , which is  proportional to the applied s tre s s . This is  known 
as Hooke’s law:
cr= M e
where M is  the 4th rank tensor of the elastic  coefficient; it is  called Young's 
Modulus for simple extension or com pression, and the shear modulus for torsion 
of a c ircu lar w ire . For the purpose of describing relaxation phenomena it is 
sufficient to tre a t M as a scalar constant and the s tre sse s  and s tra in s  as scalar 
functions of the space co-ordinates and the tim e.
If now one allows f ir s t  tim e derivatives of s tre s s  and stra in  into the formula 
connecting cf and £ , all the general observed effects of relaxation can be explained, 
and we have for the s tre s s  “stra in  equation.
cr+Tl <T= M ( £ + T 2 € )  . . • • . . • ( 6 )
A solid with th is re s tr ic ted  elastic  behaviour has been called a "Standard Linear
Solid” by Zener and a "Linear V isco-elastic  Solid” by others H e r e ^
and T 9 a re  called the "tim es of re lax a tio n " . If now a sudden load <tq is  applied to
this solid the history  of the induced stra in  will be as in F ig. 12, which shows an
instantaneous elastic  s tra in  £  and a further stra in  which saturates with t im e .o
Removal of the load produces the same sequence in rev erse , the s tra in  gradually 
decreasing to zero  again. The tim e dependence of th is "re laxation" is  governed 
entirely b y -r^ ’ the relaxation tim e under constant s tre s s . An analogous phenomenon 
occurs on the sudden application of a constant strain , which is  governed by 7 * , the
k 
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Figo 12o Relaxation under constant stress
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Figo 13o The relationship between relaxation peak temperatures 
and activation energies (after Wert and Marx )0
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relaxation tim e under constant s tra in . The ra tio  between the total s tre s s  and 
strain  after a period much longer than the relaxation tim es is  called the "relaxed 
elastic modulus", M, w hereas the initial ra tio  of the s tre ss  to the stra in  is  called 
the "unrelaxed modulus", Mf.
The usual case is  for a periodically varying load to be applied with the relaxation 
effect causing the s tra in  to lag  behind the s tre s s . Then if
(7)
and
£  = £ q exp (i ( t*> t - 0 ) ) (8)
it can be easily  shown that
tan* = A E ( ( U T ) / ( 1 + « 2 T 2) ) (9)
where <j> is  the phase lag  angle *
and
(10)
and
( 11)
Tan ^ reaches a maximum for
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iO =
where i t s  value (tan ft) is  given bymax
For ~ r  , the modulus approaches the value of the relaxed modulus M, and
for CO >>> 4^  > the modulus approaches the value of the unrelaxed modulus M '.
I  is usually sm all so that tan ^ and is  a d irect m easure of internal friction.
(  is often denoted by Q * on analogy with a damped electrom agnetic c ircu it. The 
after effect is  also accompanied by a dissipation of energy A W  which can be 
shown to be given by
A.W/W = 2 7T tan $   . (14)
Also 0 is  equal to <^w here £  is  the natural logarithm ic decrem ent of damping 
of the free  oscillations of the solid, given by
S’ = ( l/n )  log e (Aq /A n ) .......... . . . . ( 1 5 )
where Aq is  the initial amplitude and the amplitude after n cycles.
Hence for sm all damping, we can w rite
Q '1 = £ / • „ .  = (1/2TT) ( Aw/W) ............    (16)
It is usually found in practice that the relaxation tim e, T  , v a ries  with tem perature 
according to the well-known A rrhenius equation
T* = T  0 exP (E/RT) (17)
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where T q is  a constant for the process, E is  the activation energy of the process, 
and R is  the gas constant. Using equation (17), the internal friction formula can be 
re-w ritten
£  = £  sech ( (E/R) (1/T - 1/T  ) ) ............. (18)max p
where £  is  the maximum value of the relaxation peak, and T is  the tem perature max p ^
at which the peak occurs.
Instead of the relaxation constant7 ^, another param eter, denoted the frequency 
factor-, f , is  often employed. This is  re la ted  to 7 ^ by the relation
f = 1 /(2  IT T  ) .................................   (19)o o
Substituting th is equation in (17) gives
*'f = fex p  (E/RT)  .....................   (20)
where f, ( = 1/ (27TT), is  the applied frequency.
,The activation energy, E, can be determ ined from  equation (18) since a plot of 
sech ( s y  &  ) against 1/T gives a straight line with a slope E /R .
The activation energy can also be obtained from the determ ination of peak tem peratures 
Tj ahd T^ at two frequencies f^  and f^ respectively, and substituting them into the 
following equation
E = R log (f2/ f x) /  (1/TX - 1/T2) (22)
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Yet another method for the calculation of the activation energy involves the half 
width, W l, of a plot of internal friction versus the reciprocal of absolute 
tem perature, viz.
E = 5 . 2 6 / W l . . . . . . . . . .  (23)
The half width is  m easured in reciprocal degrees and the activation energy, which 
gives the lower lim it only, in c a l/m o l.
(77)Wert and M arx point out that the relaxation peaks caused by in terstitia l 
impurity atom s in the BCC m etals and grain  boundary relaxation occur at tem peratures 
(at a particu lar frequency) which a re  proportional to their activation energ ies. The 
relationship is  a straight line passing through the origin (Fig. 13) . Taking the case 
of the in terstitia l relaxation in BCC m etals they derive the following equation to 
explain th is re su lt.
E = T (R log y / f  + A S )  (24)
where E is  the activation energy of the relaxation p ro cess ,
T is  the absolute tem perature,
V is  the in terstitia l atom ic frequency, 
f is  the frequency of vibration, and 
AS is  the entropy of activation of the relaxation process.
The resu lts  of F ig . 13 indicate that in the range so fa r investigated y and AS* are  
constant. I f )/ is  taken to be approximately 10^ cps AS has the experim entally 
determined value of 5. If peaks a re  found which deviate significantly from  th is 
line for the same frequency of m easurem ent, equation (24) would indicate that 
there is  a variation in value of }/ o r AS for these particu lar re lax a tio n s . The 
expression for the frequency factor, fQ , from  the ir analysis is
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f 25 y  ex p ( A S  /R ) . . . . . . ( 2 5 )
2 .4 .1 .2 . The Relaxation Spectrum
A simple single relaxation as outlined above is not always found in p rac tice9
since there  can be many relaxation tim es or even a continuous distribution of
relaxation tim es giving r is e  to a "relaxation spectrum ". This behaviour has
(75)been studied by Zener who developed a "relaxation function" which could be 
expressed in te rm s of the distributed relaxation tim es so as to describe the 
anelastic behaviour of a solid com pletely.
2 .4 .2 . Mechanical H ysteresis
In the previous two sections it has been assum ed that the s tre s s -s tra in  changes 
which take place a re  rev ers ib le . If th is is  not the case then the category of 
damping m echanism s is  denoted by the name "h ysteresis” . This phenomenon 
cannot easily be put into m athem atical te rm s . It is  m ost im portant to note that 
since the s tre s s -s tra in  relation in th is case is  essentially tim e independent, the 
internal friction due to mechanical hysteresis  m ust be frequency independent.
Also, since hysteresis  is  n o r-linear , on increasing the strain  amplitude the 
energy loss per cycle increases too. Thus mechanical hysteresis  is  amplitude 
dependent. This is  in m arked contrast to the standard linear solid which gives 
rise to frequency dependent and amplitude independent internal friction.
2 .4 .3 . Damped Resonance
Consider for example dislocations in a solid vibrating about the ir equilibrium 
position due to an applied oscillatory  s tre s s  . If the frequency of loading approaches 
the resonant frequency of the dislocations, appreciable energy dissipation can 
occur which will give r is e  to noticeable damping. The form  of the damping equation
is sim ilar in many ways to that of the relaxation damping equation, except for 
one im portant difference which enables one to determ ine experim entally whether 
an internal friction peak is  caused by a relaxation or a resonance phenomenon.
If the relaxation tim e t  is  a ltered  by altering  the tem perature the relaxation 
peak keeps its  shape but is  shifted to a different frequency; a resonance peak, 
however, rem ains at the same frequency and only changes its  width.
2.5 . INTERNAL FRICTION MECHANISMS
The m echanism s discussed here will be lim ited, as far as possible, to those 
operating in BCC m etals, since niobium has a BCC lattice s tructu re . Exceptions 
will, however, be made where m echanism s operating in FCC m etals, are  thought 
to throw light on the causes of internal friction in BCC m etals, but have not yet 
been studied extensively in them .
2.5.1. Point Defect Damping
2.5.1.1. Snoek Damping in BCC M etals
Relaxation peaks have been observed at low frequencies in many BCC m etals whose
heights a re  proportional to the concentration of a particu lar solute ; e .g . in
quenched alpha-iron there  a re  two peaks whose heights are  proportional to the
(781carbon and nitrogen concentrations in free  solid solution, respectively .
(78)These peaks have been satisfactorily  explained by Snoek as follows. The in te rstitia l
solute atoms can occupy any of three types of octahedral in ters tices  in the BCC 
lattice. Each of these types is  differentiated from  the others by a local tetragonal 
deformation of the lattice in a different direction. In other words, if the directions 
of the unit cell edges are  labelled x, y, z, respectively, then there are  x, y, z, 
octahedral in te rs tices  which have tetragonal distortion in the x ,y , z, directions
respectively, provided these sites a re  occupied by a solute atom . If now a
stress is applied in the x direction, the x sites will become favoured sites, and
atoms in the y and z sites will tend to diffuse into the x sites to increase the stra in
and lower the internal energy. With an alternating s tre s s  the atom s will jump
backwards and forw ards with a relaxation tim e dependent on the tem p era tu re . For
carbon and nitrogen in alpha-iron the activation energies for the jumping process
are about 1 eV. A m ore fundamental explanation of the Snoek damping in BCC m etals
has been given by Entwistle and Stanley and Hughes
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2 .5 .1 .2 . Split In terstitia l Damping
It has in the past been generally accepted that an in terstitia l in an FCC lattice
/ o i  o o \
occupies the centre of the face centred cube. But recent calculations ’ 
suggest that m ore likely is  the split, o r dumb-bell, configuration which is  
composed of two atoms having the ir centre of gravity on a lattice site . This
configuration should give r is e  to s tre s s  “induced ordering from one cube edge
x- (82, 83) _ , (82) . ,direction to another . Seeger et a l. reported  a peak m cold worked
nickel at 97°C at a frequency of 1 c / s .  However, the peak was superimposed on
a very large background, imposing a lim it on the minimum peak height which
can be detected.
The activation energy for relaxation, caused by the dumb “bell rotating around 
an axis through the centre of m ass of the dumb-bell, was quoted as 0.81 eV.
The activation energy for m igration, on the other hand, was found to be 1.02 eV. 
The m igrating dumb-bell, has been described as a jump of one of the dumb-bell 
atoms to one of the neighbouring sites of the lattice, resulting in diffusion of the 
in terstitia l.
2 .5 .1 .3 . Substitutional Pair Damping
Examples of pairw ise interactions of substitutional atom s a re  known for BCC, FCC
and HPC lattices, e .g . Li-M g *84*, Ag-Zn *85\  and the Mg- Cd system s.
Theories for th is relaxation have been worked out by Zener and LeClaire 
('8 8 )and Lomer on the assum ption that the relaxation occurred between n earest
(89)neighbour atom s. However, recent re su lts  indicate that the interaction 
between next nearest neighbours is  responsible for the relaxation. An in teresting  
effect was discovered by Stanley and W ert in an Fe + 18% V alloy. At about
i i o1 c /s  a peak was observed at about 630 C. Its activation energy as m easured by 
the peak tem perature shift with frequency was 3.7 eV. Using the standard 
relaxation form ula = 1  at the peak tem perature, and equation (2 0 ), the
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frequency factor f was determ ined to be as high as 10 . They attributed this
high f value to some effect of ferrom agnetic spin ordering on the activation entropy.
2 .5 ,1 .4 .- In terstitia l - Substitutional Impurity Pair Damping
(91)Dijkstra and Sladek investigated iron alloys containing nitrogen as an in terstitia l 
solute and 5 percen t of either Mn, Cr, Mo or V as the substitutional solute. In 
all cases it was found that in addition to the usual nitrogen Snoek peak a new peak 
was p resen t on the high tem perature side of the Snoek peak. The authors suggested 
that some nitrogen atoms were jumping between two different types of in te rstices, 
namely those in which they are  entirely  surrounded by iron atoms and those in 
which they have a substitutional atom as a n earest neighbour. It is  also possible, 
however, that the relaxation could a rise  from a nearest neighbour nitrogen atom 
changing its  orientation around the substitutional atom . Surprisingly the peak is 
always either comparable to or la rg e r  than the Snoek peak in size . This suggests 
that either the binding,energy between the solute pairs  is  large so that a large 
number of pairs, are. formed or the relaxation strength per pair is  large compared 
with that for the isolated in terstitia l, so lu te .
(92)Ke and his co-w orkers have studied a peak found in an austenitic chrom e-nickel
(93) (94)manganese stee ls and 9 9 .8% nickel , all the m ateria ls  containing carbon
interstitially . The tem perature dependence of the relaxation tim e was shown to
correlate with high tem perature data for the diffusion of carbon, thus indicating
that the relaxation is  ra te-con tro lled  by the jumping of carbon atom s. Ke considers
that the linear increase of peak height with carbon content indicates that the
relaxation centres a re  basically of the in terstitia l-so lu te  type, and he put forward
a simple model incorporating this m echanism .
68
2 .5 .1 .5 .: In terstitia l Impurity Pair Damping
Powers and Powers and Doyle have shown that peak broadening in
tantalum, vanadium and niobium containing in terstitia l oxygen and nitrogen, is 
due to the existence of neighbouring in terstitia l atoms, which give r ise  to different 
relaxation tim es and activation energ ies. The extra peaks causing the broadening 
of the Snoek peaks varied with the square of the im purity concentration, clearly  
indicating a pairw ise interaction between the in te rs titia ls ,
2 .5 ,2 , Dislocation Damping
2 .5 .2 ,1 . Dislocation Relaxation (Bordoni)
o (97)A peak has been observed at about 90 K in plastically  deformed copper at a
frequency of 49K c /s ,  and is  usually re fe rre d  to as the Bordoni peak. Sim ilar
peaks have since been discovered in other FCC m etals ^  101)  ^ following
are the m ain experim ental facts about the peak:
(a) The peak appears in both single and polycrystalline specim ens.
(b) The peak is  generally not observed in fully annealed specim ens,
(c) The height of the peak increases rapidly with increasing amount of 
. cold-work for deform ations up to about 2%, above which there  is  
little  increase .
(d) The peak height and tem perature a re  amplitude independent.
(e) Im purities and neutron irrad ia tion  reduce the heights of the peaks.
(f) The peak tem perature increases with increasing frequency.
(g) The peak tem perature is  only slightly affected by the amount of 
cold-work and im purities.
(h) Annealing at increasing  tem peratures above room tem perature at 
f irs t increases the peak height slightly, then decreases it. The peak 
anneals out in the tem perature  range from  100°C to 500°C, the shape.
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of the annealing curve being critically  dependent on the grain s iz e .
(i) As the tem perature was gradually ra ised  from 40°K over the Bordoni 
peak in copper, the amplitude dependent damping firs t increased 
slightly, then decreased sharply on the high tem perature shoulder of 
the peak.
Since the damping is  approximately stra in  independent and the peak frequency is
tem perature dependent, the peak is  evidently caused by a relaxation m echanism .
(102)Also from the low magnitude of the derived activation energies (0.122 eV for Cu ) 
it would appear that the operating m echanism is  associated with dislocations.
Mason explained the occurrence of the peak as due to dislocation segments
pinned at their ends by im purity atoms or other dislocations. Under periodically
varying s tre ss  these segments oscillate as a whole between two neighbouring
equilibrium positions, i .e .  adjacent potential troughs between atom row s. On
this model, the activation energy of the process will be proportional to the"height
of the energy b a rr ie r  (the Peierls b a rrie r)  and to the length of the dislocation
segment. Two obvious defects in th is model a re  that the observed activation
energy has a well defined value and it does not depend on the im purity content. In 
(103)view of this Seeger proposed a modified model in which the length of an
oscillating segment depended on the properties of dislocations them selves. In a
close-packed structure at m oderately high tem peratures, dislocation lines contain
a certain number of therm ally activated kinks at which a dislocation changes its
(104)position from one la ttice  row to the next. A pair of kinks (Fig. 14) will be of
opposite sign and will, therefore, a ttrac t and annihilate each other. An applied 
stress, however, will tend to seperate them and increase the slipped a rea . For 
a given applied s tre ss , there will be an unstable position of equilibrium at a 
critical seperation of the kinks, above which they will seperate further and 
below which they will slide together and be annihilated. Increasing the s tre s s  in
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Fig0 14o Kinks in a dislocation line lying parallel to a close- 
packed direction in a crystal (after Seeger )o
o  0
Figo 15o The pinned dislocation model showing successive stages 
in the irreversible breakaway of dislocation segments 
from point defects6
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the direction, y, decreases d^, resu lting  in a statistical increase in the number 
of kinks in the y direction at the expense of kinks in other d irec tions. Under an 
oscillating s tre ss , damping occurs due to the phase lag  between the ra te  of 
formation of the ex tra  kinks in the direction of s tre ss , and the ra te  of stressing.
A relaxation peak should resu lt with an activation energy roughly equal to the energy 
of formation of a kink which is  a function of the Peierls force, and is  independent 
of the s tre ss  amplitude and the im purity content.
This theory predicts that the internal friction ( ff) is  given by
S e c  A l 3 . . . . . . . . . . . . . . . . . . .  (26)
where A is  the dislocation density and L is  the average dislocation loop
,  ,  . • (105>length between pinning points .
However, Seeger's theory does not explain why the main Bordoni peak is  about 4 
times broader than would be expected for a single process having an activation
/"Yl \
energy equal to that m easured from  the peak shift. Pare/ a ttributes this 
phenomenon to the effect of local internal s tre sse s  bowing out dislocations by 
differing amounts, so that the energy for kink form ation would depend on the dis~ 
location displacement; thus a range of activation energies would resu lt, accounting 
for the broadened peak. Several modifications to Seeger’s theory have been proposed, 
(106 108) can eXpiain certain  m inor features of the resu lts , but as yet no
complete quantative in terpretation  has been achieved.
2 .5 .2 .2 . Dislocation Resonance
Dislocations can be expected to a ttrac t point defects in the lattice, which could 
then act as weak pinning points. Such a configuration may resu lt in another type
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of relaxation mechanism . (Fig J 5 )a The firs t attempt to work out a theory for this
(109}
kind of model was that of Koehler . He deduced an equation of motion for a 
pinned dislocation line segment oscillating under the influence of an externally 
applied s tre ss , by making use of the analogy possible with the forced oscillation 
of a vibrating string . Koehler solved th is equation for low frequencies and found 
an expression for the logarithm ic decrem ent to be expected.
Using the same model, Granato and Lucke developed a m ore detailed and 
comprehensive theory, solving the Koehler type equation for all frequencies;
8they showed that the motion was of the resonance type, having a peak in the 10 c /s  
region. At frequencies well below this, the internal friction should be given by
S  o C ^ A l 4 ..........   (27)
where / \  is  the dislocation density, L is  the mean loop length and W is  the applied
angular frequency. The proportionally constant does not depend on the stra in  
amplitude. It should be noted that th is model best describes a m ateria l of 
moderately high purity in which m ost of the solute atoms have segregated to 
dislocations leaving the area  in between the dislocations quite free of solutes or 
other point defects, and in which extended dislocations do not o ccu r.
The theory agrees well with experim ent in the megacycle region, but in the kilocycle
region and below, experim ents have shown that £  tends to become frequency independent, 
(im
Wilks offered an explanation that the cause may be due to changes in L with 
frequency resu lting  from  therm ally activated unpinning, which is  expected to be 
greater the lower the frequency. However, there  is  some support for the 
dependence on L , although Takahashi has shown that there is  a 
measurable damping in some dilute alloys in which, theoretically , it should be 
immeasurable.
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2 .5 .3 . Dislocation - Point Defect Damping
2 .5 .3 .1 . Dislocation H ysteresis
It is found experim entally that the tem perature independent internal friction 
rem ains independent of stra in  amplitude up to a certain  strain , when it r is e s  
sharply with increasing s tra in . It is  generally agreed that th is phemomenon 
is caused by the breaking away of dislocations from  the ir m inor pinning points.
This amplitude dependent component of the damping is  found experim entally to 
be virtually frequency independent.
(110)Granato and Lucke extended their theory to cover this case by assum ing 
that the new component of internal friction is  a resu lt of a h y steresis  loop in 
the s tre ss-s tra in  curve when breakaway occurs. This theory predicts that the 
amplitude dependent component of the damping will depend on s tra in  according 
to
£d CC ( A l 3n / L 2c £  ) exp ( - A /£ L c) . . . . . .  (28)
where £  is the stra in  amplitude,
is  the dislocation length between network nodes, and 
Lc is  the dislocation segment length between pinning points.
It is found that the dependence of S q  on £  holds well in practice (except when £ 
is small when the experim ental value exceeds the theoretical value) and the 
dependence of Sq  on A , L ^  and L c has generally been verified .
A modification to the Granato-Lucke theory has been put forw ard by Swartz and 
(114)Weertman for the case of a BCC m etal containing m ore substitutional im purities 
than in terstitial ones. In th is model, it is  proposed that some substitutional 
impurities may not be on the dislocation lines but surrounding them . This would
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lower the s tra in  at which amplitude independence ceases.
2 .5 .3 .2 . Transient Cold-Work Internal F riction (Koster Effect)
At low and medium frequencies, and at m oderate tem peratures the internal 
friction of a crystal is  found to be immediately increased by deformation, but 
recovers rapidly even at room tem perature. The recoverable part of the increased 
internal friction is  called transien t internal friction, and appears to be independent 
of both frequency and am plitude. The damping versus stra in  curve, in many cases 
goes through a maximum at very low s tra in s, In the case of deformed Cu w ires 
with two p referred  orientations, Darling found two peaks in the damping as 
the strain  was increased . The determ ined activation energies in the FCC m etals 
examined were found to be of the o rder of the activation energies for the diffusion 
of vacancies in these m etals. This would indicate the diffusion of vacancies as 
responsible for the recovery  and it might be supposed that they diffused to d is-
/II
locations and thus reduced the ir segment length. However, Nowick ' points
out that this cannot be the case since there is  no hardening of the mechanical
properties in these low tem perature ranges. He proposes that the point defects
migrate to dislocations and allow them to climb., leading to a rearrangem ent of
(117)the dislocations into m ore stable positions. Granato et al developed a theory 
based on the pinning of dislocations by defects and found a tim e dependence based
o t o  / n o )
on the Cottrell-Bilby t Law for s tra in  ageing . They found th is law to 
hold experimentally in the stra in  range from 0.4 to 4%.
2 • 5 .3 .3 . Hasiguti Relaxation
A relatively low internal friction peak has been observed by several w orkers at 
about 145°Kat 1 c /s  (about 220°K at 10 k c /s) in copper ' 12°^ and gold 1^21^
deformed in torsion or tension. Since the peak was relatively  independent of 
strain amplitude and was frequency dependent like the Snoek peak and tht Bordoni
75
peak* it was concluded that it Also was caused by a relaxation m echanism . The 
annealing tem perature at which the peak disappears is  uncertain, but is  in a 
tem perature range below the tem perature, for annealing out of the Bordoni peak.
The activation energy and attempt frequency for the peak in copper a re  from
(120) 1 1 - 1  Baxter and W ilks’s m easurem ents 0.34 eV and 4 x 10 sec respectively.
12 -1This is  to be compared with 0.27 eV and 10 sec from  the m easur em ents of
. (121)Okuda and Hasiguti
There is  some evidence of the peak occuring in copper after irrad iation
This suggests that point defects a re  involved in the relaxation process, w hereas
1 1 - 1the frequency factor (about 10 sec ) is  c loser to the attempt frequency of d is-
9 -1 1 4 - 1locations (about 10 sec ) than that of point defects (about 10 sec ). It was,
therefore thought that some combination of dislocations and point defects may be
giving r ise  to the relaxation.
(121)Hasiguti developed the following model to explain th is relaxation. A d is ­
location line lying along a close-packed direction in a crystal and containing a 
pinning point, has a certain  probability of breaking away from the pinning point 
with the help of therm al energy. When the dislocation has broken away, the 
point defect will be a ttrac ted  to the dislocation and try  to pin it down again before 
the dislocation has had the opportunity to re tu rn  to its  original position. When 
the frequency of the break-aw ay and rejoining process coincides with the external 
vibrational frequency of the specimen a relaxation peak will appear with an 
activation energy
/
E E^  + Ep (29)
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and a frequency factor
E. is the interaction energy between a dislocation and a point defect when they are
1 lseparated by one lattice spacing. is  an activation energy slightly le ss  than
the Bordoni peak activation energy, and ^ ^  is  the frequency factor of a free d is ­
location segment.
Q21Y Q
A second peak was observed by Okuda and Hasiguti at about 245 K (1 c /s) 
after torsional deformation of copper and gold at room tem peratu re . This peak 
virtually disappeared after annealing at room tem perature for two days.
A third peak has also been observed after deforming copper and gold in torsion
• #J . (120, 121) ™ ,  or in tension at liquid nitrogen tem peratures . These three peaks were
labelled P , P and P respectively by Hasiguti. The peak P , which appeared 
1 A* o Z
on heating from the straining tem perature of 90 K, disappeared after annealing 
at about 260°K, when peaks P and P appeared. The maximum height of the peaks
X o
increased with increasing  deformation but saturated at higher deform ation.
Additional deformation at 74°K, after the peaks had been developed, reduced the
(121)heights of P^  and P^ slightly. Since Okuda and Hasiguti failed to produce any 
of these peaks by quenching they tentatively attributed P ,^ P^ and P^ to single 
vacancies, se lf-in te rs titia ls  and di-vacancies respectively on the dislocation lin es.
(123)More recently, Koiwa and Hasiguti reinvestigated the peaks in copper, con­
firming in general the previous observations, and making the following im portant 
additions:
(a) The peak height of P^  can be drastically  reduced by additional slight 
deform ation. This provides d irect evidence for th is peak to be a 
combined effect of dislocations and point defects. v
(b) The maximum height which the peaks may attain after the m ost 
favourable amount of prestrain ,, is  very dependent on the p re ­
annealing tem p era tu re . This may effect the dislocation configuration.
(c) Deformation in torsion  is  likely to produce higher peaks than 
deformation in tension, by drawing or bending.
Similar peaks were also found in deformed silver, aluminium, nickel, titanium,
(124)magnesium, zirconium > cobalt, iron and uranium
2 .5 .3 .4 . Koster Damping
An additional internal friction peak has been observed at about 200°C in alpha-iron
/ i i o  n o \
after plastic deformation . This peak is  frequently re fe rred  to as the
Koster peak. Its height is  proportional to the square root of the stra in  (neglect­
ing the increase in the background damping) in contrast to the Snoek peak which 
is practically unaffected by s tra in . The activation energy of the Koster peak in 
iron containing only nitrogen was found to be 1 .6  eV and a little  le ss  in iron con­
taining both carbon and nitrogen. On annealing at gradually increasing tem peratures, 
the Snoek peak disappeared w hereas the Koster peak rem ains unaffected. Sub­
sequently the K oster peak decreases and when it has disappeared, the Snoek peak
returns to about a th ird  of its  original height. The la tte r  then increases with 
increasing annealing tem peratu re3 until it reaches its  original height after 
annealing at about 600°C (F ig .16). K oster explained the m echanism of the 
Koster damping as  due to the stress-induced  diffusion of solute atom s captured in 
the s tress field of a dislocation. The activation energy (about 1.5 eV) is  however
much greater than that for the diffusion of the same solute atoms in a perfect
(4)lattice (about 1.0 eV) and van Bueren has therefore suggested that there might
be an interaction between solute atom s and vacancies sim ilar to that suggested 
(12 6\by Ke '  '  for FCC gam m a-iron. In the la tte r  case it was postulated that a stable
composite lattice defect, (such as a carbon-carbon vacancy agglom erate), could
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produce non-cubic lattice s tra in s  and thus give r ise  to a relaxation peak.
2 .6 . LOW TEMPERATURE INTERNAL FRICTION IN BCC METALS
Relaxation peaks at about 170°K and 320°K at 18 kc/s have been reported in
(107)poly crystalline niobium by Bruner . Sim ilar peaks w ere la te r  observed
(112in niobium, tantalum, molybdenum, tungsten and iron by other w orkers ’
127 1281’ . An example of these peaks in poly crystalline niobium prestrained  5%
in tension is  shown in Fig. 17. In tantalum these peaks occur near 175°K and
310°K, in molybdenum near 120°K and 400°K, and in tungsten near 160°K, all
(127)measurements being taken at a frequency of about 18 k<^s. Chambers , who 
has so far made the fullest study of these peaks, has denoted the lower tem p­
erature peaks Mo4 " and the higher " p  ". N either peak is  a single re lax ­
ation, since separate components of both have been clearly  observed.
The following a re  the m ain experim ental observations relating  to the peak:
(a) The peak is  generally not observed in fully annealed specim ens.
(b) The peak is  too broad to be caused by a single relaxation p rocess.
(c) The height of the peak increases with stra in  up to a lim iting value
(127)after which it decreases with increasing stra ins
(d) The lim iting value of the peak height versus stra in  curve is  higher in
„ (127, 129)specimens of g rea te r  purity
(e) The tem perature of the peak increases with increasing frequency, is
relatively  independent of purity and slightly dependent on the amount
• (127) of stra in
(131)(f) Im purities and irrad iation  reduce the height of the peak.
(g) The peak anneals out well below the re  crystallisation  tem perature
i (132) of the m etal
(h) After the peak height has been well reduced by annealing at tem peratu res
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u d  to about 2 0 0°C it can be recovered alm ost to its  original height by a
(130)
re s tra in  of about 0 .1%.
(i) The activation energy of the annealing process (which also low ers the
(130)background damping) is  about 1.2 eV in niobium
(j) The presence of im purities low ers the annealing out tem peratures of
! (130> the peak
(k) A composite plot of peak tem perature in niobium versus m easuring
frequency computed from the resu its  of several w orkers yields an
(132)activation energy of 0.25 eV
(1) The amplitude dependent damping increased over the tem perature range 
(50°K to 200°K) of a broad composite peak in Tantalum.
The only strik iig  difference between the ©( peak in BCC m etals and the Bordoni peak 
in FCC m etals is  that the Ok peak anneals out at a correspondingly lower tem perature 
than the Bordoni peak, but th is could be due to the m igration of in terstitia l im purities 
in the BCC m etals to dislocations. The striking sim ilarity  between these peaks in 
FCC and BCC m etals and the very low activation energy of the o( peak (about 
0.25 eV in niobium) strongly suggests that pure dislocation segment oscillation is 
the cause of the o< peaks as well as that of the Bordoni peak in FCC m etals.
The |S peaks so far have received le ss  attention than the ©( peaks. But the following 
experimental observations have been reported:
(a)
(b)
(c)
The height of the peak increases slowly with stra in  up to a lim iting
(127)value after which it decreases slightly
The peak anneals out well below the re  crystallisation  tem perature of
, (130 134) the m etal
The relaxation strengthSof the component peaks change in an irreg u la r 
fashion during annealing
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(d) The activation energy of the relaxation process causing the peak determ ­
ined from the peak shift frequency is in the region of 0.45 eV with an
1 2 - 1  (135) attempt frequency of about 10 sec
(e) Some of the component peaks a r 6 separated by only 10°K. This suggests
30attempt frequencies of up to 10 and activation energies g rea ter than 
l e V (136>134)_
(f) Plastic deformation at the liquid nitrogen tem perature "partly suppresses'
the p  peaks in niobium . The peaks partially  recovered on annealing at 
(134)room tem perature
(g) The amplitude dependent damping increased over the tem perature range
o {133}(50 K - 200 K) of a broad composite peak in molybdenum
The effect of irrad ia tion , im purity content and defect s tructure  on the peaks has 
not yet been studied. _
On the basis of the d issim ilarity  between the annealing of the oC peaks and the
(107)Bordoni peak Bruner concluded that the <X peaks w ere not of Bordoni type
but due ra ther to some kind of interaction of dislocations with hydrogen. Bordoni 
(137)et al. commenting on B runer's in terpretation stated that it was not consistent 
with available inform ation concerning the diffusion of hydrogen in niobium .
(134)DeBatist considered that either the ©C peak is  of the dislocation relaxation type
and the j£? peaks of the dislocation point defect type, or v ice -v e rsa . He did not 
think tha t the {3 peaks could be attributed to a pure point defect relaxation in view 
of their reduction in height after the very low tem perature straining. This treatm ent, 
he argued, should not affect the relaxation of in trinsic  point defects.
(132)Chambers pointed out that though there are  correspondences between the
Hasiguti peaks and the peaks on the basis  of the distribution of the activation
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energies of the various peaks thefre are  distinct differences in annealing behaviour -
/ I  Q 0 \  q
He further pointed out that M artinet found a se ries  of unstable peaks near 350 C 
at 1 c /s  in plastically deformed tungsten 9 some of which appeared to grow and decay 
with various annealing treatm ents in an analagous fashion to the Hasiguti peaks in 
FCC m etals.
Chambers did not favour an explanation in te rm s of a Snoek type effect of the de­
formation induced point defects for the fpllowing reasons. The peaks are  stable 
above their peak tem pera tu res. Therefore, if the peaks a re  caused by a point 
defect mechanism* the relaxation tim e of the defect for reorientation m ust be 
considerably sm aller than the relaxation tim e for the diffusion of the defect through 
the lattice. In niobium, the activation energy of the peak is  about 0 .3  eV while 
the activation energy of the annealing process is  at leas t 1.0 eV. In molybdenum, 
the activation energy of the j3 peak is  0.5 eV while the activation energy of the 
annealing process is  1.3 eV. Therefore, for a point defect mechanism to be the 
cause of either the ot or the peaks, the point defects m ust be endowed with 
the rather unlikely property of having an activation energy for relaxation which is  
0.7 eV less  than the ir diffusion energy. However, for some kind of Bordoni type 
dislocation relaxation^ the high annealing energy could be easily explained as the 
diffusion of point defects to the dislocation lines. Furtherm ore, he argued that the 
increase of the amplitude dependent damping in the tem perature region of peaks in 
tantalum indicates that dislocation h ysteresis  is  increasing due to the breakaway 
of dislocation loops from pinning points. Thus in the region of the peaks the 
average loop length is  increasing which suggests that the relaxation peaks a re  d is ­
location loop length dependent.
The various hypotheses outlined above are  sum m arised in Table 9.
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TABLE 9
Proposed m echanism s for the and 13 peaks in BCC m etals.
Reference <X Peaks Peaks
Bruner (107>
DeBatist*134)
Chambers*12^
Dislocation-hydrogen
interaction
Bordoni type or 
Hasiguti type
Bordoni type
Hasiguti type or 
Bordoni type
Bordoni type
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3 . EXPERIMENTAL PROCEDURE
3.1. PREPARATION OF SPECIMENS
3.1.1. M aterial
The specimens were prepared from com m ercial sintered niobium. The chemical 
analysis supplied by the m anufacturers, Murex Limited, is  given in Table 10.
TABLE 10
Analysis of com m ercial niobium.
Element Weight ppm
Oxygen 730
Nitrogen 85
Carbon 280
Hydrogen 7
. Tantalum 1000
Titanium 2800
Zirconium 3000
Iron 345
Silicon 275
The niobium was supplied in an annealed condition as w ire of 0.028 inches in d iam eter. 
The wire was loosely coiled into a 9 ” diam eter coil. Test specimens w ere 40 cm in 
lengths for preparatory  annealing treatm ents of which the central 21 cm were used as 
internal friction specim ens.
3.1.2. Preparatory Annealing
Annealing of the w ire was ca rried  out in a vertical tube furnace by d irect resistance
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-4  oheating, at a p ressu re  of between 10 and 10 to r r .  Annealing at 2 , 350 C was
achieved by passing about 30 amps at about 15 volts through the 40 cm long w ire
specimen. At the end of a five-minute annealing period, the tem perature was
lowered at about 100°C sec ^ . The tem perature of the specimen was m easured by
means of a disappearing filament pyrom eter, the readings of which were corrected
for radiation lo sses . The accuracy of the tem perature m easurem ent was of the o rder
o f t  20°C at 2,: 000°C. The tem perature along the central 30 cm of the w ire at
2 ,350°C varied by up to 60°C. The variation was believed to be mainly due to
variations in the diam eter of the w ire and possibly due to heterogenity of the
material along the w ire . The therm al expansion of the w ire was taken up by means
of a screw tensioning m echanism operating through a Wilson seal. The mechanism
was operated manually both during heating to and cooling from  the annealing
temperature, so that the w ire was kept just straight without excessive tension.
3.1.3. Irradiation
The high tem perature annealed specimens, some of which had been given a p restra in  
of 5%, were placed in specially constructed aluminium containers which were then 
evacuated, filled with argon gas at a p ressu re  of 0 .5  atm osphere, and finally sealed 
by argon-arc welding. Three containers, each containing five specimens, were 
irradiated in BEPO at A .E .R .E  Harwell at a tem perature Of about 65°C. One 
container was irrad ia ted  for two weeks, one for four weeks, and one for six weeks.
The irradiations w ere ca rried  out in a vertical hole in the reac to r, where the flux
12 -2  -1 was 1 .2x10  therm al neutrons cm sec . After irrad iation , the specimens were
stored at room tem perature until requ ired . During the storage period, which for 
all specimens was at leas t twelve months, the radio activity of the specimens de­
creased sufficiently for them to be handled at f irs t with forceps, and la te r  with only 
rubber gloves. ' '
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3.1.4. Quenching
Quenching was ca rried  out in the vertical tube furnace used for the preparatory- 
annealing treatm ent. After five m inutes at 2, 350°C, specimens w ere quenched 
to room tem perature by simultaneously switching off the heat current and allowing 
cold helium gas to en ter the vacuum furnace cham ber. The tensioning device was 
operated to prevent the specimen from  undergoing plastic deform ation.
3.1.5. Plastic Deformation
Straining of the w ire specim ens was carried  out in a vertically  mounted Hounsfield
-4 -1tensometer at room tem perature and a constant s tra in  ra te  of 2 .7  x 10 sec .
3.1.6. Low Tem perature Annealing
Annealing after plastic deformation, irrad ia tion  and quenching treatm ents was 
carried out in a silicone oil-bath furnace at tem peratures up to 250°C, and a 
vertical vacuum tube furnace at higher tem peratu res . The oil-bath was controlled 
to within— 0.5°C  at 200°C. For each annealing treatm ent the oil-bath was m ain­
tained at the required  tem perature and the specimens im m ersed in the hot oil, 
after a period of two hours, removed and cooled in a ir .  When annealing in the 
tube furnace, the w ire specimens w ere held well above the hot zone in the upper 
part of the evacuated tube furnace. When a steady tem perature was reached, the 
specimens were lowered quickly into the hot zone by m eans of a Wilson seal.
After two hours the specimens w ere withdrawn into the cold upper part of the 
furnace and allowed to cool to room tem perature in vacuo. The two hours anneal­
ingtime was corrected  to allow for the slower cooling ra te  in th is furnace.
3.2. INTERNAL FRICTION MEASUREMENTS
3.2.1. Torsion Pendulum
An internal friction apparatus, in which w ire specimens can be used, is  the torsion
a (139)
pendulum. Such an apparatus was f irs t described by Ke . The specimen
assembly of the apparatus is  shown in Fig. 18. The w ire specimen which is  21 cm
long is part of a freely suspended pendulum. The upper part of the specimen is
3/rigidly fixed by means of a w ire grip to a '8  in. diam eter insulating tufnol rod,
which in turn  is  suspended from  a cover plate of the top flange of the apparatus.
To the specim en’s lower end is  connected a ^ 8  in . diam eter tufnol rod which
]/
carries an inertia  b a r . This b ar is  a 8 in. aluminium rod which is  threaded to 
take soft iron nuts. Torsional vibrations a re  im parted to the specimen assem bly 
by passing pulses of e lec tric  curren t through two electrom agnets positioned sym ­
metrically opposite the two soft iron nuts on the inertia  b a r . The weight of the 
pendulum assem bly exerted a s tre s s  of 0.25 psi on the w ire specimen.
The complete apparatus including the vacuum enclosure and cooling bath is  shown 
in Fig. 19. The pendulum assem bly is  suspended inside a 1 in. diam eter copper 
tube from an indium w ire sealed flange. The tube passes through the cooling bath 
and at its  bottom end is-connected through another indium sealed flange to a 3 in. 
diameter copper tube which houses the inertia  bar and is  connected to vacuum pumps. 
Vacuum was used, since a ir  damping was of the o rder of magnitude of the internal 
friction effects m easured, as shown in Table 11.
T est P iece
Wire Grip
Extension Rod
Inertia Bar Hol4§r
Inertia Bar
MirrorSoft Iron Nut
18o Specimen assembly of the torsion pendulum internal 
friction apparatus0
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To vacuum pianos
Pendulum assembly
L iqu id  n itro g e n  
-v e rm ic u li te  b a th
Immersion h e a te r
F ig 0 19 Torsion pendulum apparatus
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TABLE 11
Room tem perature internal friction values of an annealed specimen as m easured 
at various p ressu res  of a ir .
P ressure of a ir  (to rr) 4Internal F riction  (log.dec x 10 )
760 35.0
- 4
2 x 10 0.5
Measurements w ere carried  out at a p ressu re  of 2 to 4 x 10 to r r .
3.2.2. Method of Gripping Specimen
1/Grips were machined, each making two 16 in. , long th ree point contacts with the 
wire. The three point contact was obtained by having a V-groove in the bottom jaw 
of the grip and leaving the top jaw flat. The grips are  shown in F ig. 20.
3.2.3. M easurement of Amplitude of Vibration
The amplitude of vibration of the freely  oscillating pendulum assem bly was m easured 
by directing a beam of light onto a concave m irro r  fixed to the bottom of the inertia  
bar holder. The reflected  beam was focussed onto the photocell of a Graphispot 
light spot follower. The photocell follows the light spot, and tra ce s  the amplitudes 
of the vibrations on a moving chart by means of an ink pen attached to the back of 
the photocell.
The strain amplitudes used in the present work w ere about 5 x 10 ^ while the
FIG. 20. W ire grips of the torsion pendulum assem bly .
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pendulum vibrated at frequencies of about 1 c /s .
3-2.4. M easure of Internal F riction
Internal friction was m easured at tem peratures below room tem perature starting 
at about 100°K, and allowing the specimen to heat up at a ra te  of about |° C  per 
minute up to about room tem p era tu re .
Each m easurem ent of internal friction consisted of exciting the specimen assem bly
to a given torsional amplitude and allowing it to vibrate freely  while the oscillations
were recorded. Initial and final amplitudes, A and A , respectively, w ere choseno n
and m easured. Then, the number of cycles, n, required to reduce the amplitudes
from A to A was counted and the internal friction then calculated from  the equation o n
S -  l /n  loge (AQ/A n ) ................... (31)
where o, a m easure of internal friction, is  known as  the Logarithm ic Decrem ent.
-J-
The amplitudes could be read  to within - 0.02 c m ., and assum ing that all the e r ro rs  
of reading were additive and that A^ ^ i  Aq, the average e r ro r  of fi, irrespective  of 
its absolute value, would be about *  1%. Thus, the maximum e r ro r  of the values
-j-
of internal friction due to calculation can be expected to be within - 4%.
3.2.5. Residual Energy Loss of Apparatus
The residual energy lo ss  of the torsion  pendulum was not determ ined because the 
knowledge of the specific damping of the niobium used in the present work was not 
1 required. The heights of the relaxation peaks w ere determ ined by subtracting the
 ^ total background damping.
h
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3 .2 .6 . Tem perature Control
The tem perature of the specimen was lowered by means of a cooling bath 
surrounding the vacuum tube housing the pendulum assem bly. The bath was square 
and was completely filled with insulating verm iculite. To cool the specimen, the 
bath was saturated with liquid nitrogen from a filling pipe whilst the vacuum tubes 
were filled with dry a ir  as an exchange gas. When the tem perature of the specimen 
(measured by means of a copper-constantan thermocouple embedded in the top grip) 
attained a steady value (at 92°K), the apparatus was evacuated and the liquid 
nitrogen supply stopped. The bath and the specimen w ere then allowed to gain 
heat from the surroundings until a tem perature of about 240°K was reached, after 
which a booster heater consisting of an e lec tric  coil im m ersed in the bath, next
qOto the vacuum tube, was used to m aintain a heating ra te  of about f  C per minute. 
The tem perature gradient along the specimen was controlled by means pf a small 
subsidiary w ire heater in the top grip; and during calibration runs when an extra 
thermocouple was inserted  in the bottom grip, it was found that the tem perature 
gradient along the specimen could be kept below 2°C for identical control of the 
subsidiary heater in the top grip .
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4 . PRELIMINARY RESULTS
4.1. EFFECT OF PRESSURE
The magnitude of the internal friction effects m easured in th is work is  well below
that of a ir  damping. It was, therefore, decided to investigate the effect of slight
changes of p ressu re  on the damping which might occur in the vacuum from run to
run. The dependence of the room tem perature internal friction of a cold-worked
-3 -4specimen on the p ressu re  in the range from 8 x 10 to 2 x 10 to r r  is  shown in
Fig. 21. The graph shows that for p re ssu re s  of 8 x 10 to rr  or lower, the change
in damping is  negligible. The normal working p ressu re  used in this work was 
-4
2 to 3 x 10 to rr , and therefore a ir  damping had no effect on the re su lts .
4.2. AMPLITUDE DEPENDENCE
Owing to the lim ited range of amplitudes obtainable in the apparatus it was decided 
not to study the amplitude dependence of internal friction in detail. A check only 
was made on an annealed, a cold-worked, and two irrad ia ted  specimens to make 
certain that damping m easurem ents w ere ca rried  out in an amplitude independent 
region. These resu lts , covering the g reatest range of amplitudes available, a re  
shown in Fig. 22. On the basis  of these resu lts , a maximum surface strain  of 
5 x 10  ^was selected for the experim ents, th is value being well within the amplitude 
independent region for all the specim ens.
4.3. EFFECT OF HANDLING ON THE INTERNAL FRICTION PEAKS
18A specimen irrad ia ted  to 2 .9  x 10 nvt was mounted in the apparatus and internal 
friction readings taken from  100°K up to room tem p era tu re . It was then taken out 
from the apparatus and removed from the grips; regripped and remounted in the 
apparatus. A second set of internal frictiop. m easurem ents was then taken from 100°K 
to room tem perature. These re su lts  a re  shown in Fig. 23. There a re  slight increases
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in the damping around 108°K and 16S°Kj and a slight decrease around 230°K. The
large relaxation peak at 213°K was unaffected.
5 , EXPERIMENTAL RESULTS
The resu lts  a re  presented in sections according to the type of damage employed to 
produce the effects. The sequence of the sections, viz. irradiation, cold-work, and 
quenching, follows in the m ain the o rder in which the resu lts  were obtained. The 
programme for each subsequent section was devised so as  to attem pt to clarify the 
picture presented by the previous sections.
5.1. EFFECTS OF IRRADIATION
5.1.1 Irradiation R esults
Internal friction m easurem ents, over the tem perature range from 100°K to 280°K, were
18carried out on annealed specimens irrad ia ted  to 1.5, 2.9, and 4 .4  x 10 nvt. After !;
irradiation, the specimens were stored at room tem perature until the activity decayed to
a safe level for handling in an open laboratory; internal friction m easurem ents w ere thus
not carried  out on them for about two years  after irrad iation . The resu lts  to be shown
in this section a re , therefore, residual internal friction effects caused by the irrad iation  ]
damage. In Fig. 24 typical re su lts  a re  shown for the th ree doses of irradiation, from
which it is  apparent that at a frequency of oscillation of 1 c /s ,  relaxation peaks a re  I
observed in the tem perature ranges fron 105°K to 115°K and from 190°K to 250°K.
These tem perature ranges correspond with those at which and peaks occur in cold- i
( 12?)worked niobium . Hence, peaks in the lower tem perature range will be denoted ©C 
peaks, and in the higher tem perature range, |3 peaks.
In the region of the £3 peaks, there is  a dominant peak at 213°K and sm aller peaks at 
about 192°K, 224°K, 232°K and 248°K. The change in the height of the 213°K peak 
(after the background damping has been subtracted) is  plotted as a function of irrad iation
dose in Fig. 25. There is  an alm ost linear increase in the height of th is peak up to a
18 'dose of about 2.9 x 10 nvt. The value of the background damping for all these specimens
was about two and a half tim es the p re -irrad ia tio n  value. On decreasing the frequency of
the applied s tre ss , the whole ( i peak complex was found to shift to a lower tem perature.
100
00
CM
CO 00 00
o  o  o
r—I H t—4
CM
CM
CM
00
vO
O
CM *-l CM CO
14
<ou3ucdu0)
e<uH
I•H.Q0•H
a
'do»4~»
Cd•Hrdcduu
d•H
to
*
a)Cu
1
sf
CM
60
• i - lf*4
01 X ®09CI °So'i
Ir
ra
di
at
io
n
101
CO
CO
coCO
M
■MCO
CO
xera
ox x °^a "Soi
Fi
go
 
2
5
o 
Va
ri
at
io
n 
of
 
th
e 
/3 
pe
ak
 
he
ig
ht
 
wi
th
 
ir
ra
di
at
io
n 
d
o
s
e
0
(T
he
 
nu
mb
er
s 
re
pr
es
en
t 
to
ta
l 
in
te
rs
ti
ti
al
 
im
pu
ri
ty
 
co
nt
en
t)
102
Using the frequency shift formula (equation (22) ) this gave a value of about 0. 6 eV 
for the activation energy of the peaks (Table 12), Since the apparatus would not 
allow greater variation of frequency in either direction, the estim ate for the activation 
energy m ust be regarded as only approximate.
TABLE 12
Variation of p  peak tem perature with frequency.
■
Frequency, f c /s L o g 1 0 f 1/T x 10 3
0.815 -0 .0 8 8 4.74
0.463 -0 .0 3 3 4.82
Another set of annealed specimens was strained 5% in tension and irrad ia ted  with the 
unstrained specim ens. These were also stored at room tem perature for about two years, 
after which internal friction was m easured as in the case of the annealed specim ens. The 
results on each specimen showed a |3 peak complex sim ilar to that of Fig. 24, with a 
dominant peak at 213°K. Fig. 25 shows the variation in the height of th is peak with 
irradiation dose. F or each dose the height "of the peaks in the p restrained  specimens
is lower than in the annealed ones by a logarithm ic decrem ent value of about 3 x 10
A small c*. peak was observed after irrad iation  in each of the annealed and p restrained  
specimens. The variation of the peak heights with irrad iation  dose is  shown in Fig. 26.
The heights of the peaks have been obtained by subtracting the background damping 
estimated from the background on the high tem perature side of the peaks. In contrast 
to the Q  peaks, the peak heights and tem peratures of the c* peaks were le ss  reproducible.
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The concentrations of in terstitia l im purities of each specimen are  also shown in 
Figs. 25 and 26 , and are  listed  in Table 13.
TABLE 13
Interstitial im purity contents and heights of 0( and |3 peaks in irrad ia ted  niobium.
Qt Peak Height, 
Log. Dec. x 10
[2 Peak Height, 
Log. Dec. x 10
i Nitrogen 
Content £ at. ppm
Oxygen Content 
at. ppm
Total Inter stit J 
ia l Impurity, 
at. ppm .
2 .2 4 .3 200 180 380
1 .8 7 .8 260 370 630
1 .2 8 .8 140 180 320
4 .0 1.4 380 240 620
0.4 5.5 110 210 320
1.9 6 .1 190 380 570
From these values it can be seen that the variations in peak height from specimen to 
specimen are  attributable to the effect of irrad iation  dose and p restra in , and not to the 
interstitial im purity content, since the specimens which received the lowest dose have 
comparable in terstitia l im purity content to the specimens which received the highest 
dose. In all but one case ( the&  peak in the specimen strained 5%, and irrad ia ted  to a 
dose of 2.9 x 1018 nvt), the specimens that received 2.9 x 1018 nvt show peak heights 
fitting the trend of the other peak heights.
A selection of internal friction curves after two hour annealing of a specimen irrad ia ted  
to 2.9 x 1018 nvt is  shown in F ig. 27. The full isochronal curves for the ^  peak complex, 
the c(peak and the background damping are  shown in Fig. 28. Because of the relative
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complexity of the (3 peak region, it was decided to plot the area  under the j3  peak 
complex (after subtraction of the background damping) against annealing tem peratures, 
instead of the actual peak heights. This area  is  a good approximate m easure of the 
magnitude of the energy absorption p rocesses responsible for the peaks, if the 
activation energies of these p rocesses differ only slightly in value, since
Area under single relaxation peak, A = 7r R S /E
t TX13.X
where 8 is  the maximum value of the relaxation peak, and E is  the activation max
energy of the p rocess. (This form ula has been obtained by integrating ; equation (18) ).
It can be seen from Fig. 28 that the |3  peak complex grows on annealing at tem peratures 
up to about 200°C. At higher tem peratu res it decreases to a negligible value at about 
380°C. The Ot peak grows only slightly on annealing at tem peratu res up to about 
170°C and then decreases to a negligible value at about 380°C. The background 
damping rem ains constant up to about 170°C, then falls to the annealed value after 
annealing at 270°C.
18A second specimen irrad ia ted  to 2 .9  x 10 nvt was plastically  deformed at room 
temperature by 0.3% tensile s tra in  and then quickly mounted in the internal friction 
apparatus. The tem perature was lowered to 100°K and the internal friction m easured 
(Fig. 29). (The tim e between straining and cooling to below 0°C was about 40 m in u tes.) 
After a further 20  hours at room tem perature the internal friction was rem easured 
(Fig. 29). The Of peak (not shown) was unchanged throughout the straining and 
annealing procedure, but the background damping m ust have risen  im mediately after 
straining and started  to recover at room tem perature . This is  substantiated by the 
fact that the background damping was about 50% higher after straining and jft) m inutes 
annealing at room tem perature, and decreased to the prestrained  value after the 
additional 20 hours at room tem perature. The main peaks at 208°K and 213°K rem ained 
unchanged after straining and annealing, but the peaks at 226°K and 250°K grew 
temporarily a fter straining, decreasing to about the ir pre strained values on annealing
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at room tem perature for 20  hours,
5 .1  „ 2 Discussion of Results
It is well known that irrad iation  damage produces vacancies, in te rs titia ls  and 
dislocations. The m echanism s causing the ot and p  relaxation peaks are , therefore, 
likely to involve these defects, and possibly in terstitia l im purities present in the 
lattice. The general types of mechanism that could be involved can be classified as 
follows:
(a) a dislocation relaxation, DRj
(b) a dislocation-point defect relaxation, DPR, and
(c) a point defect relaxation, PR,
The oC Peak
The d  peak which appears after irrad iation  is  small, but its  peak tem perature
(about 107°K to 115°K at 1 c /s )  com pares well with the d  peaks found in cold-worked
(12?)niobium by Cham bers and Schultz T , (Fig, 17) and in the cold-worked niobium of 
the present work (Fig, 30), The low tem perature isochronal annealing of this peak 
(Fig. 28) indicates that the peak does not decrease significantly until tem peratures
above 350°C are  reached. This is  a much higher tem perature than the 200°C
reported by Chambers and Schultz at which the C i peak in cold-worked niobium
begins to anneal out.
If the d  peak is  caused by a DR mechanism, it is  difficult to understand why the peak
18should be present a fter an irrad iation  dose of 1,5 x 10 nvt. Although the irrad iation  
may give r ise  to some new dislocation loops, these loops will a ttrac t many point 
defects at the pile tem perature of 65°C which should be effective pinning points at the 
o( peak tem perature of 110°K. For the same reason the erf peak in the 5% p restra in  
specimen irrad ia ted  to the same dose should be much lower than the d  peak in the a s-
110
strained specimen (Fig. 26).
However, on the assum ption of a DR mechanism, the subsequent decrease of ctf peak 
heights in both annealed and prestrained  specimens irrad ia ted  to higher doses could 
be interpreted as due to a g rea te r number of point defects diffusing to dislocations at 
the pile tem perature, because of the higher point defect concentration produced by 
these doses. This decrease in the height of the peak corroborates a sim ilar decrease 
found by Muss and Townsend after irrad iating  cold-worked tungsten.
The increase in the peak height on isochronal annealing in the tem perature range from 
70° C to 150°C indicates that in this tem perature range some of the point defects 
present at the dislocations m igrate along the loops to sinks such as jogs, thus increasing 
the average loop length. The decrease > of the©< peak height and the background damping 
on annealing between 150°C and 380°C indicates that dislocations become pinned m ore 
permanently, probably by in terstitia l im purities.
If it can be assum ed that point defects form only weak pinning points at tem peratures 
around the o< peak (110°K), the resu lts  could also be in terpreted  in te rm s of a DPR 
mechanism. As the irrad iation  proceeds, new dislocation loops are  formed and newly 
created point defects m igrate to them, giving rise  to the o( peak. F urther irrad iation  
causes a surfeit of point defects on the loops, pinning them m ore effectively. Thus 
the relaxation mechanism is  hindered, resulting in the reduction in the peak height. 
Similarly, in the p restra ined  specimens, the peak decreases on irrad iation  because 
of too many point defects m igrating to the dislocations.
In the unstrained irrad ia ted  specimens isochronal annealing between 70 C and 150 C 
increasesthe peak height. This could be due to excess point defects on the loops 
migrating to sinks such as jogs, thus enabling the loops to break away from the 
remaining defects m ore easily .
I l l
The decrease in the peak height after annealing at higher tem peratures could then be 
due to the annihilation of the rem aining point defects on the loops at jogs, or to the
migration of an im purity in te rstitia l to the loops which provide strong pinning points.
If the oC peak is  considered to be caused by a particu lar point defect combination 
(a PR mechanism), of the defects present, and perhaps in terstitia l im purities, it is  
difficult to account for the decrease of the peak after higher doses. However, the 
increase in the peak height after annealing at tem peratures of up to 150°C could be due 
to the m igration of point defects to impurities,, and the subsequent decrease at higher 
tem peratures to the re lease  of point defects from the im purities. A serious objection 
to this hypothesis is  provided by the work of Chambers and Schultz who found
that the c( peak for a given s tra in  is  lower in le ss  pure specim ens.
The Peaks
The / J  peaks developed in the niobium specimens after irrad iation  occur in a tem pera-
o o  ( l 3A)ture range which is  sim ilar to the range (205 K to 235 K) reported by de Batist in
which he found th ree peaks in "as-received” niobium specimens, using a frequency of
0.5 c /s . This tem perati
melting point of niobium,
ture range occurs at about 0.08 T ^  °K, where T ^  is  the
These ^  peaks a re , therefore, probably of the same type as the three peaks found
by Dautreppe et a l. at about 0.08 T °K in irrad ia ted  iron, where T is  the^  m m
melting point of iron . The tem perature range at which the peaks anneal out 
(Fig. 28) is  about 0.09 T °K, which again com pares well with the. tem perature ofm
0.094 T ^  K at which the m ain ^  peak in iron anneals out (125)
(10?)The results are  also in good agreem ent with the work of Bruner r  who found that 
a two hour annealing at 300°C reduced a ^  peak in cold-worked niobium to le ss  than 
half its initial value. The irreg u la r changing of the heights of the various ^  peaks 
on isochronal annealing was also noted by de Batist  ^ who studied the ^  peaks in
112
cold-worked niobium.
If a DR mechanism is  the cause of the (3  peaks, the increase in height of the peaks 
with increasing irrad iation  dose could be attributed to an increase in the number of 
relatively long dislocation loops created from collapsed Brinkman spikes. The 
decrease in height after annealing at tem peratures higher than 200°C could then be 
due to the m igration of point defects (in trinsic or impurity) to the dislocations. This 
hypothesis, however, is  doubtful in view of the following considerations. Annealed 
specimens strained plastically  by 5% in tension do not produce {3 peaks as high as 
those found in the irrad ia ted  specimens (see next section). Yet the ir average d is ­
location loop length and density m ust be far g rea te r than those of the irrad ia ted  
specimens. Thus on the DR model much higher j!? peaks would be expected after 
cold-work than after irrad iation .
Resistivity and yield point m easurem ents clearly  indicate that the dislocations 
become m ore strongly pinned at tem peratures between 80°G and 180°C, due to the 
migration to them of some kind of point defect. This should decrease the height of the 
peaks, but in fact, the present re su lts  show a m arked increase in peak height 
in this tem perature range. The DR hypothesis would also predict higher peaks in p re - 
strained specimens which have a la rg e r  number of long dislocation loops before i r r a d i­
ation; but the specimens strained 5% before irrad ia tion  show lowre r  peak heights than 
the unstrained specim ens. Another serious difficulty with this hypothesis is  that it fails 
to account for why the f3 peaks are  unaffected by an additional 0 . 3% stra in  (Fig- 29), 
which would be expected to increase the loop length as is  indicated by the increase of 
the background damping.
If the peaks are  considered in te rm s of a DPR mechanism, the peaks would be
expected to increase with increasing  irrad iation  dose since m ore point defects should 
be created which could m igrate to dislocations. Hence the dislocation-point defect 
relaxation strength should increase, resulting in higher peaks. The tendency of the
113
peak heights to attain a constant value at higher doses could be attributed to the 
gradual strengthening of the overall pinning effect which would prevent relaxation 
occuring on some dislocation loops.
The increase in the height of the jf? peaks on isochronal annealing (Fig. 28) could be 
attributed to the breakaway of point defects from clusters  in the lattice and their 
subsequent m igration to dislocations. The drop in the peak height on annealing at 
temperatures higher than 220°C could be due to the movement of point defects along 
the dislocations to annihilation sinks such as jogs. However, th is hypothesis also 
raises difficulties. F or instance, it cannot account for the lower peaks in the p re- 
strained specim ens. These specimens have a much g rea te r initial dislocation density 
and, therefore, should form m ore dislocation-point defect relaxations after irradiation,
resulting in higher peaks. Another difficulty is  that a 0.3% stra in  has no effect on( ■
the main ^3 peaks (around 210 K). This stra in  should pull away a number of d is ­
locations from their pinning points as indicated by the r is e  in the background damping. 
Even if one assum es that point defects could re tu rn  to the dislocations in the 40 m inutes 
at room tem perature before the internal friction was rem easured , the subsequent fall 
in the background damping without a change in the peak height has still to be explained.
The last experim ental fact points strongly to a hypothesis which does not directly  involve 
dislocations, as the previous two m echanism s do. If, then, a combination of point
/I
defects, such as  the d i-in te rs titia ls  of Dautreppe et a l. o r a point defect-im purity
atom pair, which could ro tate under torsional s tre ss , is  assum ed, the increase in 
peak heights with irrad ia tion  dose could be attributed to the form ation of these com bi­
nations by m igration of point defects at the pile tem perature. The tendency for the 
peak heights to attain a constant value at higher doses could again be attributed to 
the formation of point defect c lu sters  which do not contribute to the damping. The 
migration of point defects and form ation of these complexes at higher tem peratures 
would account for the increased  peak heights on isochronal annealing up to 200°C.
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The decrease in the peak heights at tem peratures above 200° C could be attributed to 
the release of point defects from  these complexes, to the break-up of in terstitia l or 
vacancy pairs, o r even to the m igration of the defect pairs  them selves to dislocations 
or other sinks. The accumulation of point defects at dislocations during annealing 
above 200° C can be in ferred  from  the decrease in the background damping (Fig. 28).
The two main difficulties encountered with the DR and DPR hypothesis do not a rise  
with the point defect m echanism . The prestrained  specimens have a much g rea ter 
number of dislocations which can a ttrac t m ore of the irrad iation  created point defects, 
leaving fewer of them to form the point defect complexes . This accounts for the
lower / 3  peaks in the pre strained specimens as  compared with the annealed ones.
Also, the DR and DPR hypotheses do not explain why the / 3  peaks are  unaffected by the 
0.3% strain after irrad ia tion . On the other hand, the PR mechanism can account for 
this in view of the fact that the stra in  will increase the length of the dislocation loops, 
but should have practically  no effect on the point defect complexes contributing to the 
relaxation.
5.1.3. Conclusions
In view of the re su lts  discussed in this section, it is  proposed that th e /^  peaks are  
caused by a PR m echanism  operating in the free la ttice . Since both the oC and 
peaks are not affected by irrad ia tion  dose in the same way (the peaks increase with 
increasing dose, while the c( peak decreases (Fig. 24))} it is  suggested that the &  
peak is not caused by a s im ilar mechanism to the ^  peaks, i .e .  a PR m echanism .
At this stage, it is  not possible to attribute the oC peak to either a DR or a DPR m echanism .
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5.2. EFFECTS OF COLD-WORK
5.2.1 Results
Internal friction m easurem ents over the tem perature range from  100°K to 280°K 
were carried  out on annealed and cold-worked specim ens. The cold-work was 
introduced by tensile straining to varying degrees of plastic stra in . After straining, 
the specimens were stored at room tem perature for about 20  hours before the 
internal friction was m easured. The resu lts  shown in th is section are  therefore 
also residual damping effects after cold-work. In Fig. 30 typical re su lts  are  
shown for an annealed specimen and a specimen strained 5,16%. It is  evident that 
at 1 c /s  cold-work gives r ise  to a peak in the of peak tem perature region (about 
110°K) and a significant increase in  the background damping (Curve $  )• In none 
of the strained specimens was there any trace  of a peak or peaks in the peak 
temperature region, i .e .  around 200°K.
The background damping is  plotted in Fig. 31 against the strain , <£T , divided by
the in terstitial im purity content, C , plus one. It can be observed that the back­
ground damping increases both with increasing p restra in  and with decreasing 
interstitial im purity content, over the range of stra in  and in te rs titia l im purity 
content investigated.
A selection of Of peaks developed after varying s tra in s  is  shown in Fig. 32.
In general, there is  a tendency for the height of the peak to increase, and the 
peak tem perature to be lowered with increasing stra in . The o( peak heights 
(after the background damping estim ated from the high tem perature side of the 
peaks has been subtracted) a re  plotted against the percentage stra in  in Fig. 33.
The range of in te rs titia l im purity content for each specimen is  also indicated in 
the Figure. All the points lie on a line passing through the origin and showing a 
tendency to flatten out at higher stra ins, except for three points representing  three
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specimens strained in the range from 4.3% to 4 „ 8% and haying interm ediate concentrations
(12?)of in terstitial im purities. Since it was reported that im purities in BCC transition
metals tend to depress the o( peak, it was decided to plot the o< peak against the 
strain divided by the in te rstitia l im purity content plus one (Fig. 34),N Four points 
(marked A ) on the plot, representing  specimens strained in the fairly  narrow  
range from 3.9% to 4.5%, indicate that the peak in the curve is  due to the im purities 
present and not to the degree of stra in .
The o( peak tem perature was found to vary with frequency as shown in Fig. 35.
The dotted line rep resen ts  part of a straight line frequency dependence of the
temperature of the o( peak obtained from an accummulation of published resu lts
(]3|Q)
over a wide tem perature range, including the range of the present re su lts  . The 
fit of the present re su lts  indicates that the o( peak observed in this work is of the 
same origin as that found by other w orkers 13JC* 1 3 ^
Annealing strained specimens at 70°C for two hours re su lts  in the appearance of 
relaxation peaks in the |3  peak tem perature region, while there  is  virtually no 
change in the height of the o< peak and the background damping. A typical internal 
friction curve m easured after straining and subsequent annealing is  shown in Fig. 30 
(Curve C). The |? peaks consist of a narrow  we 11-developed peak at 200°K and 
smaller subsidiary peaks a t about 190°K and 220°K. All the specimens examined 
exhibited only one dominant peak which in some cases appeared n ea re r to 190°K than 
200°K. The two subsidiary peaks (190°K and 220°K) were not present in some 
specimens.
The height of the dominant (200°K) peak in each specimen was plotted against 
the strain (Fig. 36). The range of in terstitia l im purity content is  again indicated on 
the graph. No definite relationship can be observed, though there  may be a tendency 
for specimens with low er im purity content to give r ise  to lower peaks after higher 
strains. '
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The height of the 200°K peak was also plotted against the in te rstitia l im purity content 
(Fig. 37). Again no logical relationship can be observed even when the degree of 
strain (marked on the graph) is  taken into account.
The tem perature range over which the j3 peak complex occurs was found to be 
frequency dependent as shown in Table 14.
TABLE 14
Variation of f t  peak tem perature with frequency
Frequency, 
f c /s
L°g 1Qf Q peak tem perature, 
T° K
1 in 3^  x 10
1.70 0.230 205 4.88
1.05 0 .0 2 2 201 4.98
0.58 - 0.236 199 5.03
Using equation (22), an approximate value of the activation energy for the absorption 
process was found to be of the order of 0. 6 eV. The activation energy of the dominant 
200°K peak in one of the specimens strained to 1.3%, which showed very low subsidiary 
peaks, was found to be 1.02 eV (Fig. 38). The activation energy was calculated from 
the relaxation peak form ula (equation (18) ) which yields a lower lim it of the energy 
value.
A detailed two hour isochronal annealing program m e was ca rried  out in o rder to 
determine the tem perature ranges for the growth and annealing out of the and f t  
peaks. The resu lts  for a specimen strained to 3.8% are  shown in Fig. 39. The (3 
peak increases appreciably from zero  at room tem perature to a logarithm ic decrem ent 
value of about 13 x 10 ^ at about 90°C. Annealing over a tem perature range from  90°C,
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to 240°C, the peak rem ains practically  constant at about th is value. At tem peratures 
higher than 240°C, the peak anneals out to a negligibly low value at about 340°C. The 
height of the o( peak, on the other hand, rem ains unaffected until tem peratu res of 
about 80°C are  reached, above which it anneals out to approximately half its  original 
value at about 150°C. Thereafter, the peak height rem ains constant until a tem perature 
of about 240°C is  attained, above which it anneals out to zero at 340°C. The back­
ground damping decreases linearly  over the whole tem perature range with the except­
ion of two slight increases at about 120°C and 180°C.
The internal friction was rem easured  in the specimen which had been strained 5.16% 
and annealed for two hours at 70°C after being stored for 33 days at room tem perature . 
The resu lts  a re  plotted in Fig. 40 (Curve A). During th is tim e the 200°K peak rem ained 
practically unchanged, while the 220°K increased in height by about 300%. The 
specimen was then given a further 0.3% plastic stra in  at room tem perature, quickly 
assembled in the internal friction apparatus and the tem perature lowered to 100°K.
The time between straining and cooling to below 0° C was about 40 m inutes. The 
internal friction (Fig. 40, Curve B) was m easured as before and the specimen left 
at room tem perature for a further 20 hours. The internal friction m easurem ents w ere 
then repeated (Fig, 40 'Curve C). The o( peak (not shown) rem ained unchanged 
throughout the straining and annealing procedure, but both the 200°K and 220°K peaks 
decreased somewhat in height after the 40 minute room tem perature annealing and 
decreased further afte r the 20 hour room tem perature annealing. A tem porary  increase 
in the background damping after straining (Fig. 40, Curve B) disappeared after 20 hour 
annealing at room tem perature. It is  probably reasonable to assum e that the heights 
of the peak w ere unchanged for an instant after straining, but started  to decrease 
immediately at room tem p era tu re .
The same experim ent of straining by an additional 0 .3% was carried  out on other 
cold-worked specim ens, all of which were annealed at 70 C for two hours after 
straining. Internal friction, in all cases, was m easured about 20 hours after straining.
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In each specimen, the dominant 200°K peak decreased in height. The percentage 
decrease is  plotted against the initial p restra in  in Fig. 41. This graph includes the 
equivalent resu lt obtained on an irrad ia ted  specimen (section 5 .1) which rep resen ts  
the case of zero p restra in . The relationship is  linear with the straight line passing 
through the origin.
Each of the cold-worked specimens was then re-annealed at 70°C for two hours 
and, in all but one case, the height of the 200°K peak increased . The percentage 
increase is  plotted against the initial p restra in  in F ig .42. Despite the scatte r of 
these resu lts  it can be seen that the percentage increase in the height of the peak 
tends to increase with increasing degree of cold-work.
The specimen which was strained 5.16%, annealed at 70°C, restra in ed  by 0. 3% and 
re-annealed at 70°C, was again strained by another 0.3% and the internal friction 
measured 20 hours la te r . This tim e only a small decrease (14%) in the height of 
the peak was observed (Table 15), which is  significantly le ss  than the decrease of 
65% observed after the f irs t 0.3% stra in  and 20 hour room tem perature anneal,
TABLE 15
Effect of annealing and restra in ing  by 0.3% on the height of the peak of a 
5.16% strained specimen
p  peak height, . 
Log. Dec x 10
Change, 4 
L og .D ec.x lQ
Increm ental 
Change, %
1st anneal at 70° C 8.7 - _
1st re stra in 3 .0 - 5.7 - 65.5
2nd anneal at 70° C 7 .6 + 4 .6 + "15# 3— /5  3
2nd res tra in 6 .6 - 1 .0 - 14
3rd anneal at 70° C 7 .1 + 0.5 + 7
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Hit oFinally, this specimen was re-eanealed  once m ore at 70 C for two hours and the internal 
friction m easured. This tim e, the peak increased in height only 7%, a negligible amount 
compared with the 153% increase observed after the second anneal at 70°C.
5.2.2 Discussion of Results
The results of this section show relaxation peaks in the same tem perature ranges as 
the oi and |3  peaks of the irrad ia ted  specim ens. These peaks will, therefore, also 
be discussed in relation to the three relaxation m echanism s listed  on page 109, namely
(a) a DR mechanism, (b) a DPR mechanism, and (c) a PR m echanism .
The Q< Peak
The increase of the o( peak with increasing plastic stra in  (Fig. 33) is  in good agreem ent
with the re su lts  of Chambers and Schultz The authors have shown that the o( peak
first increases with increasing stra in  and then goes through a maximum at higher s tra in s .
They also produced evidence that the maximum peak height and the critica l s tra in  at
which the ©t peak began to decrease w ere affected by the im purity content. The present
results indicate that, in the range of in terstitia l im purities studied, the peak height f irs t
increases with increasing im purity content and then decreases at higher concentrations
(Fig. 34). The tem perature of the peak is  shown to be slightly dependent on the strain ,
decreasing from about 118°K after 0.14% stra in  to about 113°K after 4. 5% stra in . This
(124)is in agreement with the resu lts  of Chambers and Schultz , with the exception that 
in their specimens, the peak tem perature began to increase again after about 2% strain .
If the ©{ peak is  caused by a PR mechanism, the cold-worked specimens should give 
rise to sm aller peaks than the irrad ia ted  ones in view of the fact that irrad iation  is 
known to produce many m ore point defects than are  produced during cold-work; and 
also since cold-work produces many m ore dislocation loops than irradiation, the higher 
^  peaks in cold-worked specimens indicate that dislocations a re  probably involved 
in the relaxation. The dependence of the peak height on the in terstitia l im purity
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content (Fig, 33) is  also difficult to account for by the point defect hypothesis. If 
the relaxation is  caused by in trinsic  point defects trapped at the in terstitia l im purit^16  ^
the C>( peak could be expected to be continually enhanced as the in terstitia l im purity 
content is increased; but this is  not the case. If pairs  of in trinsic  point defects give 
rise to the relaxation, the effect of im purities should be to reduce the o( peak height 
by trapping some of the point defects before they are  able to pair up with o thers. Thus, 
the CsC peak should be continually reduced in height as the im purity content increases. 
These resu lts  could, however, be explained if a pure dislocation relaxation were the 
cause of the peak. As the in terstitia l im purity content increases, the number of d is ­
locations produced for a given stra in  also increases Thus, the number of d is ­
location relaxations increases and a higher c< peak resu lts . However, as the number 
of dislocations produced by a given stra in  is  increased, the average loop length of the 
dislocations decreases due to dislocation in tersections. Seeger's model for the
Bordoni peak in FCC m etals predicts a A dependence of the relaxation strength,
3where A  is  the dislocation density, and L is  the average loop length. Therefore,
3
above a particu lar density of dislocations the L term  will s ta rt to predominate over 
the A  te rm . This im plies a reduction in the relaxation strength. The decrease 
in the height of the peak at the higher im purity concentrations, which would produce 
greater densities of dislocations, can, therefore, be accounted for by the DR model.
Most of the resu lts  on the ©( peak in cold-worked specimens presented in this work 
can also be satisfactorily  explained by the DPR hypothesis. For example, the annealing 
out of the peak in the tem perature ranges from 80°C to 160°C and from 240°C to 
340°C (Fig. 39) could be attributed to the m igration of in terstitia l im purities, oxygen 
and nitrogen, to the dislocations f orming strong pinning points and therefore in te r ­
fering with some of the relaxations. However, the small effect of the additional 0. 3% 
strain on the oL peak is  not so easy to account for. This stra in  should pull dislocations 
away from point defects in the loops which cause relaxation, and so reduce the peak 
height. The point defects would need to be very mobile at room tem perature so that 
they could m igrate back to the loops before the specimen is  cooled to low tem peratu res.
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'pie decrease in the peak height in the tem perature range from 80°C to 160°C is  in
! (12?) good agreem ent with the resu lts  of Chambers and Schultz , who reported a
marked decrease in the o( peak after annealing at 200°C„ The annealing process
takes place with an activation energy of about 1.2 eV. The decrease can easily  be
accounted for on the DR hypothesis as due to the m igration of vacancies and/or oxygen
atoms to the loops, reducing the relaxation strength. The higher tem perature range
from 240°C to 340°C, in which the 0 ( peak shows a further decrease in height, is
the range in which nitrogen atoms a re  expected to be m obile. Thus th is decrease
could be attributed to the m igration of nitrogen atom s to the dislocations. The lack of
change in the peak height after an additional 0.3% strain  is  attributable on this model
to the fairly negligibl6 change in A L^, which is  indicated by the plot of ©( peak
height versus p restra in  (Fig. 33).
The 3  Peaks
The (2 peaks do not appear in the cold-worked specimens after room tem perature 
annealing, but they gradually increase in height from zero after annealing at tem p era­
tures up to about 100°C (Fig. 39). Other w orkers report well-developed peaks already 
present in specimens after straining at room tem perature The tem peratures
of the dominant peaks in the present work lie between 190°K and 200°K which is
slightly lower than those reported  by de Batist (between 205°K and 240°K at
(124) o0.5 c/s), and by Cham bers and Schultz (220 K and above at 7 .8  c /s ) . Another
difference is  that never m ore than one peak in each specimen within the group of the 
(3 peaks grew to a significant height. This effect has not been previously reported 
by other w orkers, and has not been observed in the irrad ia ted  specimens of the 
present work. The activation energy of one of the 195°K £3 peaks has been calculated 
from the peak tem perature shift with frequency to be in the region of 0.4 eV. which is  
in reasonable agreem ent with the value of about 0.46 eV reported  by other w orkers 
13$) ^  ^ 220°K ( at 0 .5  c /s )  j3 peak. Recent m easurem ents by Chambers et 
°f a R  peak occuring at a slightly lower tem perature gave a value of 0.4 eV. An
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estimation of the activation energy of a ^  peak in a 1,3% strained specimen from 
the shape of the peak (Fig, 38) yielded a value of 1,02 eV, Discussion of this point 
willlae taken up in the General Discussion section.
The absence of the ^  peaks in the as-s tra in ed  condition and their growth on 
annealing at tem peratures up to about 100°C are  in m arked contrast to the presence 
of the o( peak after room tem perature straining and its  decrease in height on annealing 
at tem peratures above about 80°C, This behaviour of the peaks counts strongly against 
an interpretation of both the o( and |3 peaks in te rm s of a sim ilar model such as 
the DR m echanism . If the ok peak is  due to a DR m echanism, it is  unlikely that the 
(3 peaks are  due to DPR m echanism s since the ck peak decreases during an annealing 
temperature range (80°C to 160°C) whilst the [3 peaks rem ain  constant. The 
increasing number of strong pinning points (indicated by the decreasing ©( peak height) 
must in terfere with any dislocation-point defect interactions by reducing the free loop 
length, A sim ilar argum ent can be used against the. rev erse  classification, i ,e ,  the 
01 peak in te rm s  of a DPR mechanism and the |3 peaks in te rm s of DR m echanism s. 
Increasing peaks (indicating increasing free loop lengths caused by the reduction in 
the number of pinning points) should be coupled with a reduction in the number of d is ­
location-point defect relaxations. But in fact the o( peak rem ains stable whilst the |3 
peaks grow.
There does not seem to be any definite relationship between the peak height and the 
degree of strain , the in terstitia l im purity content (F igs.36 and 37) or any param eters 
made up from a combination of strain  and in terstitia l im purity content. Probably the 
most significant point that can be observed from the plot of the peak heights against 
strain is that a stra in  as low as 0.14% gives r ise  to a peak on annealing at 70°C which 
is as high as that produced by higher s tra in s. Another, but ra th e r tentative conclusion, 
which may be drawn is  that in the specimens with lower in terstitia l im purity contents, 
the peak height decreases with increasing stra in  (Fig. 36), However, the fact that the 
dependence of the j3  peak on stra in  is, if anything, of a rev erse  nature to that of the
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o( peak (Fig. 33) suggests that the relaxation mechanism causing the j3 peaks 
is of a different type to that causing the d, peak. Since a DR mechanism is  dependent 
on the dislocation density and the average loop length in much the same way as the 
background damping, it would be difficult to see why the relaxation process should 
start to decrease at s tra in s  le ss  than 1% in the low im purity specimens (Fig. 36) 
whilst the background damping is  still increasing after 5% stra in  (Fig. 31). These 
results cannot very well be accounted for by the DPR model because stra ins between 
0.14% and 5% should provide m ore point defects and dislocation loops without a 
detrimental decrease in loop length. A definite relationship between peak height 
and the degree of s tra in  or the in terstitia l im purity content is  le ss  likely to be 
expected if the PR model for the |3 peaks is  assum ed. Both increasing stra in  and 
increasing in terstitia l im purity content should provide m ore dislocation in tersections 
for point defect production, but at the same tim e, the increased number of d is ­
locations will provide m ore sinks for the point defects m igrating at 70°C, thus reducing 
the number of point defect relaxing pa irs  which can be form ed. This reasoning applies 
whether the point defect configurations which give r ise  to relaxation peaks are  composed 
solely of in trinsic  point defects, or in trinsic  and im purity point defects. Therefore, the 
present resu lts  cannot help to distinguish between these two m odels.
The increase in the peak height on annealing at tem peratures up to about 100°C and its  
subsequent stability at tem peratures up to 240°C can be easily explained by the PR 
model, as either point defects m igrating to form pairs  in the lattice, or at im purities.
In term s of the DPR model, the increase can be attributed to the m igration of point 
defects to dislocations to form relaxation configurations. This annealing effect, however, 
provides serious evidence against the DR hypothesis for the ^  peaks, since the peaks 
remain stable in a tem perature range at which either in trinsic  point defects and/or 
oxygen atoms can diffuse to dislocations and shorten their loop length. Thus the 
relaxation strength of the |9  peaks should be reduced in a sim ilar fashion to the 
observed reduction in the 0 ( peak over the same tem perature range (Fig. 39).
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Further evidence against the DR hypothesis is  provided by the effect on the (3 peak
! Oof an additional 0.3% stra in  (Fig. 40) and the subsequent annealing cycle at 70 C 
followed by restra in ing  (Table 15). The decrease during room tem perature annealing 
after the 0. 3% strain  could be attributed to newly generated point defects m igrating to 
the dislocations, thus reducing their loop length, while the increase in the peak height 
after reannealing at 70°C could be attributed to the annihilation of these point defects 
at jogs . However, when the restra in ing  and reannealing cycle is  repeated, approximately 
the same decrease and increase in peak height should be observed, since the process 
would be expected to be repeatable. But the resu lts  in Table 15 show significantly 
smaller changes in the effect on the second restra in ing  and reannealing cycle. These 
results also present a serious objection to the DPR hypothesis. An additional 0.3% 
strain should, according to th is  hypothesis, disturb the relaxation mechanism by 
removing some of the dislocations from the ir associated point defects. Annealing at 
room tem perature may allow the point defects to re tu rn  to the dislocations resto ring  
the relaxations. This would indicate an immediate decrease of peak height, followed 
by a gradual re tu rn  to its  original height on annealing at room tem perature. Again, 
the process should be repeatable, which is  not the case. If, however, a PR model is  
assumed, the decrease after the additional straining could be attributed to the movement 
of some dislocations into the vicinity of the point defect pa irs  causing the peak. Because 
of the proximity of the point defect pairs  to the dislocations, the attractive forces 
between them could cause the point defects to m igrate to the dislocations, resulting in 
the gradual decrease of the peak height at room tem perature. The linear dependence 
of the percentage decrease in the height of the peaks with p restra in  before 70°C 
annealing can then be explained on the basis  that the specimens p restrained  to higher 
strains contain higher dislocation densities and, therefore, a g rea te r number of d is ­
location lines will be moved during the additional s tra in . Thus m ore point defect 
pairs will be close enough to m igrate to dislocations at room tem perature . Reannealing 
at 70°C allows the point defects, which were generated during restra in ing  and some of 
those point defects which did not reach traps, dislocations or other point defects during 
the first anneal at 70°C, to become paired up or reach im purities and thus increase the
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number of configurations which contribute to the relaxation peak. Specimens with 
higher p restra in s, and therefore containing m ore point defects, have a g rea te r 
concentration of point defects rem aining after the f irs t anneal and re s tra in . Thus the 
peak will increase to higher values in these specimens, since m ore relaxation configu­
rations can be form ed during the second anneal at 70°C. This p rocess is  not exactly 
repeatable on the second cycle of restra in ing  and annealing, since the number of 
single point defects left to form new relaxation pa irs  has been reduced by the previous 
annealing treatm ents at 70°C.
Finally, the annealing out of the |3  peak on isochronal annealing at tem peratures 
above 240°C can be attributed on the PR model, to the re lease  of point defects from 
impurities o r the m igration of vacancies and /or in terstitia l pa irs  to sinks.
5.2.3. Conclusions
The resu lts  discussed in th is section provide m ore evidence against the PR hypothesis 
for the OC peak. They contribute little , however, towards distinguishing between the 
DR and DPR m echanism s. With regard  to the j?  peaks, m ore evidence is  provided in 
favour of the PR model. Also stro ig  evidence is  presented against the DR and DPR 
mechanisms being responsible for the K  peaks in cold-worked niobium.
5.3. EFFECTS OF QUENCHING
5.3.1 Results
Internal friction m easurem ents over the tem perature range from 100°K to 280°K
were carried  out on vacuum quenched specimens from 2, 350°C. The damping was
measured about 20  hours after quenching treatm ent and therefore the resu lts  show
residual effects as in the case of the irrad iation  and cold-work studies. The quenched
specimens were then annealed isochronally for two hours at tem peratures up to 300°C,
internal friction m easurem ents being taken after each tem perature increm ent. Typical
results a re  shown in Fig. 43. The internal friction curve of the as-quenched specimens
shows a m arked increase in damping above the level of the annealed specimen with
o overy low broad peaks at about 140 K and 200 K. Isochronal annealing at tem peratures 
higher than 20°C produced three well defined peaks at about 185°K, 200°K and 220°K. 
Neither after quenching nor subsequent annealing treatm ents was there any peak 
observed in the 110°K region.
Well defined peaks at 185°K, 200°K and 220°K having com paratively high maximum 
values, have been selected for the determ ination of the activation energy of the 
relaxation process, using the "half-width" form ula (equation 23). These calculations 
gave the lower lim its  of the energies as 0.96 eV for the 185°K peak, 1.03 eV for the 
200°K peak and 1.15 eV for the 220°K peak. The peaks varied  in height with annealing 
temperature in a ra th e r complex fashion. The dependence of the peak heights and the 
background damping on the annealing tem perature is  shown in Figs 44 and 45. The 
peaks and their tem peratu res were reasonably reproducible from specimen to specimen, 
but their variation with annealing tem perature showed appreciably g rea te r differences 
to the pattern shown in F igs. 44 and 45. In each case, however, the overall relaxation 
decreased in strength to a negligible value on annealing in the tem perature range from  
220°K to 300°K, whilst the variation in background damping with annealing tem perature 
exhibited a better reproducibility from  specimen to specimen. The background 
damping decreases with increasing annealing tem perature up to about 140°C. At
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higher tem peratures it goes through maxima at 160°C and 240°C and then decreases 
to the annealed value at about 260°C. The total relaxation grows in strength up to a 
tem perature of about 140°C and decreases to zero from about 220°C to 320°C.
Between 140°C and 240°C the peaks seem to replace one another after small increases 
in annealing tem perature (about 20°C).
A specimen, which was quenched and annealed at 70°C for two hours, was strained 
0.3% in tension and allowed to anneal at room tem perature for 20 hours. Internal 
friction curves for the two conditions a r e ^ to v n  in Fig. 46. Peaks at 185°K, 200°K 
and 210°K w ere present after the 70°C anneal . Subsequent to the straining and room 
tem perature annealing treatm ent, the total relaxation shows a m arked decrease, with 
peaks occuring now at about 185°K, 195°K and 200°K. The specimen was then r e ­
annealed at 70°C for 2 hours, and the internal friction rem easured  (Fig. 46). The 
total relaxation shows a slight increase in strength, with peaks occuring at about 
195°K, 200°K and 220°K. Throughout the straining and annealing program m e, there 
was no change in the background damping.
5.3,2 Discussion of R esults
The main effect of quenching in FCG m etals is  to produce an excess of vacancies.
However, there  is  no convincing experim ental evidence so far for, o r against, the 
quenching-in of excess vacancies in BCC m etals. Attempts have been made to predict 
the quenching ra te s  necessary  to re ta in  excess vacancies, but the re su lts  a re  inconclusive, 
though they do indicate that very high quenching ra te s  may be necessary . Since the 
results to be discussed in th is section show one or two m arked differences to those 
obtained from  irrad ia ted  and cold-worked specimens, the possibility of an increased 
number of vacancies will be assum ed. The possibility of sm all s tra in s  in the quenched 
specimens will also be assum ed.
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The Q( Peak
No distinguishable peak appears when the damping is  m easured 20 hours after 
quenching (Fig. 43). However, the internal friction curve does not reach  a minimum 
level within the range of tem peratures m easured, and it is, therefore, possible that 
the damping is  composed of a se rie s  of low indistinguishable humps throughout the 
range. Annealing at 100°C reduces the curve to the usual form , viz. a background 
level, with one or two very small peaks. There is  no trace  whatsoever of an C>( 
peak in th is damping curve. Since the tem perature at which the C< peak in cold- 
worked specimens begins to decrease in height is  only about 80°C (Fig. 39), it is  
reasonable to assum e that the 0 < peak formed after quenching was of negligible height. 
Therefore, if excess vacancies are  introduced by quenching, the nonexistence of the 
<£ peak is  a serious objection to a divacancy or vacancy-im purity atom model being 
responsible for th is peak.
The (3 Peaks
The peaks occuring at 185°K, 200°K and 220°K after quenching and annealing, may 
be identified with the peaks observed at comparable tem peratures in cold-worked and 
irradiated niobium. They are , however, at least twice the height of the peaks in any 
of the cold-worked specim ens. If the peaks w ere caused by a DR or DPR mechanism, 
the dislocation density in the quench qd specimens would have to be g rea te r than in the 
cold-worked specim ens. This cannot be so, and, therefore, it is  reasonable to postulate 
that the relaxation m echanism s responsible for the peaks involve a point defect 
configuration.
o -4Annealing at 70 C for two hours reduces the background damping to 0 .8  x 10 in
-4
terms of the logarithm ic decrem ent (Fig. 46' which is  lower than that (1.1 x 10 )
of the 0.14% strained specimen after the same annealing treatm ent. The reduction of 
the background damping can only be due to the m igration of point defects to the d is ­
locations, shortening the ir loop length. It is  unlikely that the loops could have been
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shortened by oxygen atoms because 70°C is  below the tem perature at which the 
oxygen Snoek peak begins to r ise  (about 95°C) for the order of oxygen content present, 
Both the reduction of the background damping and the existence of the high |3  peaks 
indicate that point defects can be quenched in niobium, a BCC m etal.
Tie complicated variation of the p  peaks with tem perature on isochronal annealing 
(Figs 44 and 45) m akes it difficult to discuss the annealing out process of each 
individual peak. The overall effect on the peak relaxations is  that the relaxation 
strength begins to increase at about 40°C and begins to anneal out at tem peratures above 
220°C, reaching a negligible value at about 320°C, The annealing behaviour is com ­
parable to that of cold-work specimens (Fig, 39) indicating that dislocation density has 
no effect on the formation and annealing out of the ^  peaks.
The activation energy of the 200°K peak determ ined from the half-width of the peak is
oabout 1,03 eV which is in excellent agreem ent with the activation energy of the 200 K one 
in the cold-work specim ens. Thus the relaxation mechanism causing the 200°K 
peaks in quenched and cold-worked specimens is  due to the same m echanism.
The effect of straining a specimen by 0,3% after the development of the p  peaks, is 
a decrease in the 185°K and 210°K peaks (Fig, 46), The 200°K peak, however, shows 
a slight lowering of peak tem perature but no decrease in peak height. This is  the same 
effect as for the 200°K peak in an irrad ia ted  specimen, and from the lelationship 
between the decrease in the 200°K peak with p restra in  of the cold-work specimens 
(Fig, 41), it indicates that the dislocation density of the quenched specimen was no 
higher than that of a fully annealed specimen. The decrease of the 185°K and 210°K 
peaks would indicate that the point defect configurations responsible for these peaks 
are m ore unstable than the configuration causing the 200 K peak and, therefore, m ore 
easily a ttrac ted  to dislocations
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5.3.3 Conclusions
Further support is  given for the argument that the ©< peak is  not caused by a PR 
mechanism. Also, evidence is given for the quenchingun of excess point defects and 
additional support is presented for the PR hypothesis for the p  peaks.
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5.4. SUMMARY OF THE ARGUMENTS CONCERNING THE CAUSES OF 
THE RELAXATION PEAKS
The resu lts  of the present work strongly indicate that the assignm ents of the PR 
mechanism to the OC peak and either the DR or DPR m echanisms to the |9  peaks 
are unsatisfactory. A summary is  now presented of the argum ents that have been 
drawn from the resu lts  in support of this conclusion.
Arguments against a PR mechanism being responsible for the o( peak
(a) The highest ©C peaks are  observed after cold-work, whilst the peak is  absent 
after quenching. Since quenching should give r ise  to a much g rea ter excess of point 
defects than cold-work, it is  unlikely that the peak is  caused by a PR m echanism .
(b) Specimens irrad ia ted  to higher doses exhibit lower ©< peaks. Since these 
specimens should contain a higher concentration of point defects, the PR mechanism 
again seem s unlikely to be the cause.
(c) The dependence of the heights of the 0 ( peak on the in terstitia l im purity content 
is difficult to explain in te rm s of the PR model.
Arguments against a DR mechanism being responsible for the peaks
(a) In te rm s of this hypothesis the cold-worked specimens, having higher dislocation 
densities than the irrad ia ted  and quenched specimens, should exhibit (9 peaks of g rea te r 
magnitude. However, the peaks in cold-worked and irrad ia ted  specimens are  of com ­
parable size, whilst the peaks developed in the quenched specimens a re  higher by at 
least 100°%.
(b) The peaks grow in size during stage III annealing (80 C to 180 C) in all the 
specimens, but there is  evidence from  yield point and Snoek internal friction studies 
(69, 70) t h a t  O X y g e n  atom s m igrate to dislocations in th is annealing stage. By shorten­
ing dislocation loops, they should reduce the strength of dislocation relaxations; the ©<
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peak, which alm ost certainly involves dislocation loops, shows a m arked fall in 
height in th is tem perature range.
(c) Specimens with higher initial dislocation densities ( having been p restrained  
before irradiation) exhibited lower ^ 3  peaks after irrad iation  than the ^© stra ined
specimens,
(d) Although the background damping increases with increasing strain , the peaks 
do not. Since the DR model and the dislocation resonance (background) damping both 
depend on dislocation density and average loop length, a dislocation relaxation peak, 
should, broadly speaking, increase with increasing background damping.
(e) On the b asis  of the same reasoning as in (d) an additional stra in  of 0.3% should, if 
anything, slightly increase the strength of dislocation relaxations. Yet, after restrain ing , 
the ^  peaks in the cold-worked and quenched specimens decrease in height with room 
tem perature annealing, while those in an irrad ia ted  specimen rem ain steady, even 
though there is  a tem porary r ise  in the background damping.
(f) The second cycle of restra in ing  and reannealing at 70°C in a cold-worked 
specimen shows a pattern  of peak height changes which p resen ts further difficulties 
for the DR model.
Arguments against a DPR mechanism being responsible for the /3  peaks
(g) Again, th is hypothesis would predict higher peaks in the cold-worked 
specimens with longer dislocation loops, than in the irrad ia ted  and quenched specimens, 
but this is  not the case.
(h) Also, in view of argum ent (g), specimens prestrained  before irrad iation  should 
exhibit higher peaks than those in unstrained specim ens.
(i) Sim ilarly, increasing  s tra in  should, a t leas t in the early  stages of deformation, 
provide longer dislocation loops for dislocation-point defect relaxations; but the re su lts  
show no tendency for the peaks to increase with increasing stra in .
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(j) The decrease in peak height with room tem perature annealing after restra in ing  
cold-worked specimens cannot be explained in te rm s of dislocation-point defect 
relaxations, since the relaxation contributing point defects could not stay with the 
moving dislocations at tem peratures well above the |3 peak tem peratu res. This 
hypothesis , therefore, would predict an immediate decrease in peak height, followed 
probably by a partial recovery at room tem perature as some of the point defects m igrate 
back to the loops. In an irrad ia ted  specimen no change whatsoever is  observed in the 
peak heights after straining, despite the indication from the background damping that 
dislocations a re  being freed from pinning points and then becoming repinned.
(k) Even if the effects mentioned in (j) could be somehow explained in te rm s of point 
defects following moving dislocations after a period of tim e, then a second cycle of 
restraining and reannealing should produce approximately the same peak changes, which 
is not the case.
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6 . GENERAL DISCUSSION
The present work shows that niobium of com m ercial purity vacuum annealed at 2350°C
exhibits internal friction relaxation peaks over tem perature ranges from 105°K to
115°K, and from 190°K to 245°K after irrad iation  at 65°C, from 110°K to 120°K and
from 190°K to 220°K after room tem perature deformation, and from 185°K to 220°K
after quenching. Both cold-worked and quenched specimens required a low tem perature ij
(70°C) annealing treatm ent to develop the relaxation peaks occuring at the higher jj
temperature range. These peaks were absent after 20 hours resting  at room tem perature |
following the cold-work and quenching treatm ents. The peaks in the lower tem perature
(107 127)range are  identified with the ©( peaks reported by other w orkers ’ and 
those in the higher tem perature range with their ^  peaks
Also this work leads to the following two main conclusions concerning the relaxation 
mechanisms causing the oC and peaks:
(I) that the St peak is  caused by either a pure dislocation relaxation, (Bordoni type 
relaxation in FCC m eta ls), j
: l i
or a dislocation-point defect relaxation (Hasiguti type relaxation in FCC m etals), j
and j
(II) that the |3  peaks are caused by a relaxation mechanism due to some configuration 
of point defects in the free lattice.
6.1. ANNEALING STAGES IN NIOBIUM
In this section these conclusions are  discussed in relation to the annealing stages in BCC 
metals reported by other w orkers.
There is  now good evidence that there is  an annealing stage in both irrad ia ted  and cold-
worked BCC m etals at about 16% of the melting point in degrees Kelvin at which the
-  (61, 65, 71, 58, 6 6 ) , . . .  .. (60, 6 8 , 69, 70) . _resistivity the yield point , and the lattice
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t (62, 63)param eter and length recover with a single activation energy of about 4 , 6  x
-410 T eV where Tm is  the m elting point. This stage is  re fe rred  to as stage III 
on analogy with stage III in the FCC m etals. In niobium the recovery tem perature 
ranges from about 80°C to 180°C, and the activation energy for the recovery process 
was quoted to be of the order of 1.1 to 1. 3 eV. It is  known from internal friction
(95)
measurem ents of the Snoek internal friction peak of oxygen and the ra te  of
decrease of th is peak during strain-ageing that in niobium, oxygen diffuses with
an activation energy between 1.1 and 1.2 eV. This is  strong evidence for the m igration
of oxygen to free dislocation loops to form atm ospheres during Stage III annealing in
cold-worked specim ens. The formation of atm ospheres could account for the decrease
in the height of the c* peak on annealing cold-worked specimens in this tem perature
range. Such a decrease in the C< peak is  absent in the irrad ia ted  specimens, since
after irradiation, there will be too few free dislocations to which oxygen could be
attracted. Many w orkers ^  however, do not rule out the possibility of
(71)vacancies m igrating in this stage. In particu lar, Peacock found that the recovery
of resistiv ity  in irrad ia ted  niobium was g rea ter than that in cold-worked niobium. He
also argued that since the number of jumps to annihilation of the m igrating defect was
low, vacancies w ere being trapped at im purities. This hypothesis was confirmed by 
(72)Gregory who found that recovery of resistiv ity  was enhanced by im purities.
These resu lts  lend support to the hypothesis for the |3 relaxation peaks in te rm s 
of a point defect-im purity configuration mechanism.
There is  evidence of another annealing stage in niobium at tem peratu res above 250°C
(71)(Stage IV). Peacock found that resistiv ity  recovered at these tem peratures in
(140)cold-worked and irrad ia ted  niobium. Also Benson et a l. using the electron 
microscope technique found rearrangem ents in the dislocation structure of cold-worked 
niobium afte r annealing at a tem perature of about 200 C. Since the ^  peaks do not 
start to anneal out until tem peratures above 220°C, (stage IV of the resistiv ity  recovery) 
it would appear that the rearrangem ents of dislocations, which are  already taking place
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o -at 200 C, do not affect the M relaxation peaks. This is  experim ental evidence
against the dislocation m echanism  being responsible for the peaks.
In the lite ra tu re  there has been so far, no serious critic ism  of the dislocation re lax ­
ation or the dislocation-point defect hypothesis for the (£ peaks found in cold-worked 
BCC m etals. Several c ritic ism s have, however, been made concerning the possibility 
of the peaks being caused by the point defect relaxation. These are  now reconsidered,
6„2 , RELAXATION PROCESSES FOR THE PEAKS
(134) s\De Batist reported  a "partial suppression" of the peaks in "as-received"
niobium after torsional deformation at liquid nitrogen tem peratu re . He argued that if
the / 3  peaks w ere due to point defect relaxations the peaks should not have been
affected by the low tem perature deform ation. However, h is peaks w ere very  large,
-4
having peak heights of up to 150 x 10 in te rm s of the logarithm ic decrem ent, which 
is an o rder of magnitude higher than those of the cold-work specimens of the present 
work. The high peaks indicate a large number of relaxation elem ents. Also it is 
probable that the m ateria l in the as-received  condition had a high dislocation density.
It iSjtherefore^quite likely that some dislocations would sweep up and retain  a signifi­
cant number of the excess point defects present at liquid nitrogen tem perature .
De Batist's re su lts , therefore, do not present a serious objection to the point defect 
hypothesis.
Chambers’ objections to the point defect m echanism are  based on the increase in amplitude 
dependent damping over the peak tem perature region of about 160°K at 6 c /s  in cold- 
worked tantalum , which he believes, indicated that a h y steresis  producing depinning 
of dislocations from  pinning points is  taking place. This component of damping is  
dependent on the tem perature in the same way as is  the low amplitude (amplitude 
independent) component of the damping. Therefore, he concluded, that the low amplitude 
component was also due to the motion of dislocations and not to point defects. More
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experimental data, however, is required to substantiate this argument because 
(133)Chambers’ resu lts  show no increase in the amplitude dependent component of
the damping in the tem perature range from 180°K to 240°K. This tem perature range
(of peaks in niobium) is  also the range for the /?  peaks in tantalum at low frequencies 
(127, 134)
It is, therefore, doubtful whether the broad tantalum peak found at about 160°K at 
6 c /s  can be classed  as the same type as the peaks found in the tem perature range 
from 180°K to 240°K, over which region, the amplitude dependent component rem ains 
constant. M oreover, in a sim ilar experim ent in copper the amplitude dependent 
damping actually decreases as  the tem perature is  ra ised  beyond the Bordoni peak 
tem perature, for which no explanation has yet been given. Thus, further study of the 
amplitude dependent phenomena in the region of the low tem perature relaxation peaks 
is needed to elucidate the causes. Finally, even though it is  still reasonable to in terp re t 
an increase in amplitude dependent damping as due to the onset of a hysteresis-producing 
unpinning of the dislocations from pinning points, thi& effect would be added to the 
component of a point defect relaxation in a sim ilar way as to a pure dislocation one.
✓1 Q O \ /-*
Another argum ent of Chambers against the point defect model for both o( and p  
peaks is  based on a com parison of the activation energies for relaxation and those for 
annealing out. He pointed out that in analogy with the in terstitia l im purity Snoek peaks 
in the BCC m etals, the activation energy for relaxation should not be much le ss  than 
the activation energy for diffusion. Otherwise, relaxation of non-equilibrium  concent­
rations of point defects would not be stable above their peak tem perature, where the 
mean tim e of stay, T  , of the defects would be too short to prevent the ir m igration 
to sinks. However, it is  possible that a point defect complex might have a lower 
energy b a r r ie r  for rotation than for diffusion as in the case of the dumbbell type
/ g2 \
interstitial in nickel whose random walk motion req u ires  m ore energy (about
0.2 eV) than the rotation movement. But the activation energy difference between
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diffusion and relaxation at the (3 peak in molybdenum is about 0,8 eV, which is 
unlikely for a point defect relaxation. Not enough is  known yet, however, about 
point defect combinations to rule out the possibility of such a difference between 
their activation energies for relaxation and diffusion.
There is  also the possibility that the difference between these activation energies for
/O (134)the p  peaks is  not as high as 0 .8  eV. The present re su lts  and those of de Batist
/ I  Q
and Marx et a l. show |3 peaks in niobium which yield higher values for the
activation energy of relaxation when calculated from the half-width formula (equation
(23) ) than from the relaxation peak form ula (equation (22) ). The activation energies
of well developed peaks in cold-worked and quenched niobium of the present work are
plotted against the peak tem peratures in Fig. 47. Their energies are  of the order of
1.0 to 1.2 eV. These peaks anneal out at about 240°C, which is  a much lower
tem perature than the tem perature (400°C) required  to reduce the height of the
(130)peak in molybdenum to 1 /1 0  of its  initial height
The activation energy of the annealing out process for molybdenum being 1.3 eV, 
therefore, the annealing out activation energy of the |9 peaks in niobium will, m ost 
probably, be a little  le ss  than the 1.3 eY for molybdenum. If the relaxation activation 
energies quoted above for niobium are  taken as correct, the activation energies for 
relaxation and diffusion become approximately equal.
The reason for the discrepancy between the activation energies for the relaxation 
processes causing the | 3  peaks as calculated from the peak shift with frequency and 
the halFwidth, is  not understood. Fig. 47 shows, in addition to the peak activation 
energies, calculated from  the half-width, the activation energies and peak tem peratures 
of the oxygen, nitrogen and carbon Snoek peaks in niobium and tantalum and the ©( 
and |3  peaks in niobium, tantalum, molybdenum and tungsten as calculated by other 
workers from  the peak tem perature shift with frequency.
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The peak tem peratures have been adjusted, using equation (22), to correspond to a
(77 )
frequency of oscillation of 1 c/s„ According to the analysis of W ert and Marx
relaxation processes which occur with the same entropy of activation, §  , should
exhibit a linear relationship between their energies of activation, E, and their peak
temperatures at a constant frequency, the line passing through the origin (equation (24) ),
This also assum es, of course, that the vibrational atomic frequency of the jumping
13 -1defects,, is  of the order of 10 sec . From  Fig„ 47 it can be seen that separate straight 
lines may be drawn from the origin, passing through the set of f t  peaks in niobium, 
calculated from the half-width, the set of in terstitia l Snoek peaks in niobium, and the ct 
and peaks in niobium, tantalum and molybdenum, as calculated from the peak
temperature shift with frequency. Using equation (24), the entropies of activation for
each of these sets of points is  about 59, 2 and -1 2  cals/m ole respectively, with
26 13 10 ”1corresponding frequency factors of about 10 , 10 , and 10 sec . Another
relaxation process which in some cases takes place with a very high frequency factor
is the Zener substitutional pair relaxation, e ,g , a Zener peak in iron - 18% vanadium
alloy has a frequency factor of about 10 ^  sec \  Since relaxation processes
9 11involving dislocations tend to have frequency factors in the range from  10 to 10 
sec \  and if the high activation energies for the f t  peaks calculated from the half- 
width can be relied  upon, it can be concluded from Fig, 47 that the f t  peaks are  
caused by point defect relaxations oecurrihg with a higher frequency factor and entropy 
of activation than dislocation processes or im purity in terstitia l type s tre ss  induced 
ordering. The lower activation energies computed by Chambers and Schultz from the 
shift of the peak tem perature with frequency could be explained if the entropy of activation, 
A S .  for the peak relaxations decreased with increasing tem perature. This 
would imply (from equation (25) ) that the frequency factor decreases with increasing 
temperature, and anomalously low activation energies would resu lt when the simple 
Arrhenius dependence of *Y on tem perature over a wide tem perature range is  used.
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7 , GENERAL CONCLUSIONS
From the resu lts  of the present work the following conclusions can be draw n, 
o(, Peak
(a) Niobium of com m ercial purity exhibits an internal friction peak at about 
110°K when it is either
18 o(i) irrad ia ted  to a dose of about 10 nvt at 65 C, or
(ii) cold-worked in tension at room tem perature.
This peak does not occur after quenching from 2, 350°C, nor in the fully 
annealed state,
(b) The peak decreases with increasing irrad iation  dose in the range studied.
It increases with increasing degree of plastic deformation,
(c) For the same strain  the peak is  higher in specimens containing about
500 - 600 at, ppm of in terstitia l im purities, than it is  in specimens contain­
ing about 300 or about 1000 at, ppm,
(d) The peak anneals out in the tem perature range from 170°C to 380°C in
O Qirrad ia ted  specimens, and in the range from 240 C to 340 C in the cold- 
worked specimens,
(e) The peak is  unaffected by an additional 0,3% plastic stra in  at room tem perature ,
(f) The peak is  caused by a relaxation mechanism involving dislocations, and
not some form of point defect configuration. This conclusion is based on the 
following experim ental observations:
(i) The highest peaks appear in cold-worked specimens which have high 
dislocation densities, whilst there is  no peak in quenched specimens 
which contain low dislocation densities.
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Peaks
Specimens irrad ia ted  to higher doses, having high point 
defect concentrations, exhibit lower peaks than cold-worked 
specimens which contain lower point defect concentrations.
The dependence of the peak height on the in terstitia l im purity 
content is  difficult to account for in te rm s of a point defect 
relaxation m odel.
(g) Niobium of com m ercial purity also exhibits one or m ore p  peaks in 
the tem perature range from 180°K to 240°K,when it is either
(i) irrad ia ted  to a dose of about 10^ nvt at 65°C,
(ii) cold-worked in the range from 0. 15 to 5% tensile elongation 
at room tem perature and annealed at about 70°C, or
(iii) quenched from 2 , 350°C and annealed at about 70°C.
The quenched specimens exhibit higher peaks than the irrad ia ted  or 
cold-worked ones. The peaks do not occur in the fully annealed state,
(h) In the ranges studied, the peaks increase with increasing irrad iation
dose, but are  not affected in any regu lar way by the amount of plastic 
deformation. .
(i) The peaks do not appear to be affected in any regular way by the
in te rs titia l im purities present within the composition range studied.
(j) The lower lim it of the activation energies of the relaxation p rocesses
causing the peaks has been found to be of the o rder of 1.0 to 1.2 eV
26 -1with a frequency factor of not le ss  than 10 sec
(k) The peaks anneal out over the tem perature range from 200°C to
380°C.
(1) v The effect of an additional 0.3% stra in  at room tem perature on the
peaks is  as follows:
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(i) In irrad ia ted  specimens, the peaks are  unaffected.
(ii) In quenched specimens some of the peaks a re  greatly reduced.
(iii) In cold-worked specimens, the peaks decrease with tim e at 
room tem perature. The percentage decrease of the peak for 
each specimen after 20  hours is  approximately proportional 
to the degree of initial pre stra in .
(m) The |3 peaks a re  due to the relaxation o<f a point defect configuration
and not to a relaxation involving dislocations. This conclusion was
reached from the following observations.
(i) The highest peaks a re  produced by quenching, which should 
introduce a high concentration of point defects, whilst much 
lower peaks a re  produced by cold-working which should introduce 
fewer point defects.
(ii) In the tem perature range from 80°C to 180°C, where there is  
strong evidence from  yield point and Snoek peak studies that 
oxygen m igrates to dislocations, the peaks rem ain  stable.
(iii) Specimens having higher dislocation densities (produced by 
cold-work) show lower peaks after irrad iation  than annealed 
specimens which have been irrad ia ted  to the same dose.
(iv) Over the range of increasing stra in  in which the background 
damping is  increasing, indicating an increasing number of 
free dislocation loops, the peaks do not grow in height, but 
rem ain approximately constant.
(v) An additional stra in  of 0.3% causes the peaks in cold-worked 
specimens to decrease with tim e at room tem perature, the 
decrease being proportional to the initial degree of stra in .
This is  inconsistent with a relaxation model involving dislocations,
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but not with a point defect relaxation model.
(vi) The extraordinarily  high values of the frequency factor for
26 ~1the peaks (10  sec ), though at present unexplainable, 
indicate the operation of minute atomic p rocesses involving 
few atom s, ra th er than a large scale movement of atoms 
such as is  involved in the movement of dislocations.
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TABLE A. 1
Effect of P ressure on the room tem perature internal friction (Fig. 21)
P ressure, P, to r r Log P 4Log. Dec. x 10
8 . 1  x 10 ‘ 3 -2.092 7.71
6 .5 x 10 -2.187 7.25
4 .9  x 10 3 -2.252 6.42
3.9 x 10 3 -2.408 6 .1 1
3.2 x 10 " 3 -2.432 5.76
2.7 x 10 ' 3 -2.568 5.55
1 . 6  x 10 " 3 -2.796 5.07
1 . 2  x 10 " 3 -2.920 4.94
-4
8 . 2  x 10 -3.086 4.70
5.7 x 10 ‘ 4 -3.244 : 4.62
4 .5  x 10 4 -3.346 4.60
3 .3  x 10 4 -3.482 4.59
2.4 x 10 "4 -3.620 4.57
2 . 1  x 10 "4 -3.678 4.56
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TABLE A. 2
Amplitude dependence of niobium specimens (Fig, 22)
Condition Strain Amplitude, 
E x 10 5
Log £ 4Log. Dec6x 10
4.3 -4.369 0.45
5.5 -4.260 0.44
Annealed 7 .5 -4.124 0.46
9,4 -4.026 0.59
11.7 -3.932 0.92
13.5 -3.870 1.24
4.5 -4.347 2 .2 1
6.4 -4.194 2.27
8 . 2 -4.086 2 .2 1
Strained 4% 9.6 -4.018 2.25
1 1 .2 -3.950 2.26
13.0 -3.886 2.29
14.9 -3.828 2.30
17.0 -3.769 2.42
19.1 -3.719 2,63
4.5 -4.347 2.09
5.8 -4.236 1.98
6.9 -4.162 2.06
Irrad iated  to 8 . 2 -4.086 2 .1 1
2.9 x 10^8 nvt 9.7 -4.013 2.15
12.4 -3.907 2.15
15.8 -3.802 2.30
17.8 -3.750 2.42
4.1 -4.388 3.30
5.7 -4.244 3.29
Irrad iated  to 6.7 -4.174 3.34
4 .4  x 1018 nvt 7 .5 -4.124 3.30
9.4 -4.026 3.33
11.5 -3.940 3.31
13.0 -3.887 3.35
15.1 -3.822 3.35
j 17.6 -3.756 3.40
TABLE A. 3
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18Internal friction of irrad ia ted  specimen (2.9 x 10 nvt) after handling (Fig. 23)
Tem p., K Log,Dec. x 10 Log. Dec, x 10Tem p., K
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TABLE A .4
18Internal friction of niobium irrad ia ted  to a dose of 1, 5 x 10 nvt (Fig, 24)
T em p ,, °K
4'
Log. Dec x 10
' .............
T em p ., °K 4Log. Dec x 10
1 0 l i 3.33 195 2.95
103i 3.77 199 3.74
106i 4.22 203 4.77
109J 4.21 207 5.81
113 4.15 210 6.14
H 6 i 3.55 213 6.39
119i 3.20 215 6 . 1 2
122i o<— 1
CO 218 5.80
127 2.82 222 5.43
132 2.59 226 5.00
137 2.45 229 4.38
143 2.48 232
oi—i
149i 2.24 235 3.91
156i 2 .2 2 240 3.58
165i 2 . 0 2 246 3.26
171 2.08 252 3.12
176 2 . 2 0 257 • 2 .8 8
181 • 2.19 266 - 2.55
186 2.62 275 2.24
191 2.83
TABLE A .-5
Internal friction of niobium irrad ia ted  to a dose of 2,9 x 10 nvt (Fig,
T em p ,, °K 4Log, Dec x 10 T em p ,, °K Log, Dec x 10 ^
101 3,03 199 5,40
103 3,50 201 5,96
106 3,86 204 6,69
109 3,58 206 7,90
112 3,41 208 8,92
114J 2,93 211 9,50
1164 2,61 213 ' 9,70
119 2,19 216 9,45
122 1,81 219 8,05
127 1,78 221 6 , 8 6
1304 1 ,8 6 223 5,90
1334 2 ,1 1 226 5,51
1374 1,87 228 5,33
1414 1,97 232 5,35
1454 1 ,8 8 235 4,55
1494 1 ,8 6 238 4,23
154 1,94 240 3,66
158 1,85 145 3,23
163 1,75 249 3,16
167 2,50 254 2,79
172 2,38 258 " 2,75
177 2,45 261 2,49
183 2,65 266 2,23
187 3,42 273 2 , 1 2
192 4,23 279 2,14
195 4,97
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TABLE A, 6
18Internal friction of niobium irrad ia ted  to a dose of 4„4 xlO nvt (F ig .24)
T em p ., °K 4Log.Dec. x 10 T em p ., °K 4Log. Dec. x 10
101 1.42 205 8.67
105 1.79 208 1 0 .1
107i 2 . 1 2 210 1 0 .8
110 2.51 211 1 1 .0
115 2.73 213 11.3
119 2.58 214 11.3
124 2.14 216 10.56
131 1.93 218 9.70
139i 1.77 220 9.15
147% 1.79 221 8.90
155i 1.90 224 8.73
164 2 . 1 2 226 8 .0 1
168 2.53 228 7.35
172 2.72 230 6 . 66
176 2.76 233 5.96
181 3.04 236 5.50
187J 3.33 241 5.31
188 3.78 245 5.45
190 4.42 249 4.98
193 5.12 2534 4.67
195 5.34 258 4.33
198 5.74 264 3.78
201 6.40 27 l i 3.40
203 7.35 2785 3.37
TABLE A, 7
Effect of irrad iation  dose on the height of the [3 peak (Fig, 25)
Irradiation
Dose,
4Log, Dec, x 10 & max
Condition ^^>tw t 1,5 x 1018 2,9 x 1018 4 ,4  x 1018
.
Annealed
.
4,3 7 ,8 8 , 8
Strained, 5% 1,4 5,5 6 , 1
TABLE A, 8
Effect of irrad iation  dose on the height of the ©( peak (Fig, 26)
Irradiation 
— Dose,
Log, Dec x 1 0 4max
Condition 1,5 x 1018 2,9 x 1018 a  a  i n4 ,4  x 10
Annealed 2 , 2 1 ,8 1 ,2
Strained, 5% 4 ,0  
............... .
0,4 1,9
177
TABLE A ,9
18Internal friction of niobium irrad ia ted  to a dose of 2.9 x 10 nvt and annealed
at 150°C for 2 hours (Fig„ 27).
oT em p., K 4Log. Dec. x 10 T em p ., °K 4Log. Dec x 10
101 3.02 198 15.82
102i 3.07 199i 17.20
104i 2.98 201 18.42
107i 3.40 202 19,09
110 3.80 203i 19.20
i i 2i 3.80 204i 17.42
l i s i 3.82 205i 17.49
119 3.82 207i 16.70
122 3.66 209 17.30
125i 3.47 21 0 i 18.42
128i 3.38 21 2 i 17.79
132i 3.16 214i 17.30
136 3.20 215i 14.00
139i 3.02 217 12,32
143i 2.83 219 11.09
147 J 2.90 2 2 l i 9.25
152 2.73 223 8.40
157 2.78 226 7.05
163 2.82 228 6.40
168 2.89 231 5.53
172 3.26 234 5.18
177 i 3.88 236 4.30
183 4.58 243 3.52
187 5.20 255 2.64
190 7.20 262i 2.58
193 10.63 269 2.55
195 14.91 276 . 2.50
196i 15.25
*
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TABLE A. 10
Internal friction of niobium irrad ia ted  to a dose of 2.9 x 10 nvt and annealed
at 280°C for 2 hours (Fig, 27),
Tem p , , 0 K
4Log, Dec x 10 Tem p., K Log. Dec x 10 ^
l o i i 1.15 205 7.08
104i 1,43 207 6 . 0 2
I07 i 1,40 209 6.40
m i 1,40 211 6.65
i i s i 1,31 213 6.50
121 1,27 215 6.14
126i 1 ,0 2 217 5.80
1 3 li 0.98 2194 4,27
137 0.92 22 l i 4.05
142 0.96 224 2.77
150 0.98 226 2.70
157i 1 .0 1 229 2.56
167 1 .2 0 235 2.42
1734 1 .2 2 242 2 . 2 2
1794 - • 1.15 246 1.92
185 1.37 249i 1.48
190i 1 .6 8 256i 1.16
195 2.28 265 0.98
198 3.58 272 0.70
201 4.85 1784 "  0.69
20 2 i 5.77
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TABLE 11
Isochronal annealing of a specimen irrad ia ted  to 2,9 x 10 nvt (Fig. 28)
Annealing T em p .,
\w>
Background Damping 
Log,Dec, x 104
OS Peak Height, 
Log, Dec x 104
Area under 
j3 Peaks
65 (Pile Temp) 2,3 0.4 3.3
100 2 , 2 0.5 4 .25
150 2,5 1 .1 6,4
200 ; 2,3 0 . 8 7.35
280 0.75 0.5 . 2.4
340 0.75 0.3 1 .1
380 0.40 0 . 2 0.5
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TABLE A. 12
Internal friction in the (3 peak region of niobium irrad ia ted  to a dose of
2 , 9 x 10^  nvt (Fig, 29)
T em p ,, °K 4Log, Dec, x 10 T em p ,, °K 4Log,Dec, x 10
14 l i 1,97 213 8,82
145i 1 ,8 8 214| 8,37
149i 1 ,8 6 216i 7,85
157 1,90 221 7,20
164 1,94 223i 6,48
168i 1,73 227 5,95
172i 2 , 0 2 229i 5,28
179 2,26 232 4,87
185 2,96 238 4,75
189i 3,82 24 2J 4,70
192i 4,40 24 6J 4,50
196 5,30 251 4,18
198 6,53 257 3,82
2 0 0 i 7,70 265^ 3,50
203 8 , 0 2 273^ 3,65
205 8,85 280i 3,56
207i 9,25 289i 3,64
209 9,00
i
-
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TABLE A, 13
Internal friction of specimen of Table 12 strained 0.3% (Fig. 29)
Tem p., °K
4
Log. Dec x 10 T em p ., °K 4Log. Dec x 10
141 2.92 217J 9.43
150i 2.90 219 8.77
155i 2 . 8 6 221 8.38
163 2.95 223 7.80
171 3.03 225 7.85
175i 3.08 227| 7.81
179 3.38 229 7.31
184 3.62 232i 7.09
188 3.90 237i 6.95
193 4.82 240i 6.94
196 6 . 0 2 245 7.08
199i 7.00 250 7.26
2 0 l i 8.33 252i 7.03
204 9.21 256 6.80
206i 10.04 261 6.42
209 10.34 269 6.35
2 1 0 i 1 0 .1 0 276 6.61
212 | 9.98 284 6.55
215 ! 10.08 290 6.52
2 1 6 f ! 9.94 - ~
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TABLE A. 14
Internal friction of specimen of Table A, 13 annealed at room tem perature for
2 days (Fig, 29),
Tem p,, K 4Log, Dec x 10 Tem p,, °K
4Log, Dec x 10
142i 1,87 ■2 1 2 i 8,15
150* 1,85 215i 7,25
161 1 ,8 8 222 6,56
169* 1,91 226i 6 , 0 0
179 2,35 233 4,96
184* 2,77 237 4,75
190* 3,94 244 4,81
194* 5,01 250 4,67
196* 5,87 254 4,40
199* 6,69 258 4,18
201 7,38 264i 4,00
204 8,53 ! 274 4,21
205 8,98 284 4,29
207* 9,01 291 4,52
210I 8,73 ” ”
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TABLE A. 15
Internal friction in annealed and 5. 16% strained niobium (Fig. 30)
1 —
Annealed Strained 5.16%
m Ot,Temp, K 4Log.Dec. x 10 Temp, °K 4Log. Dec x 10
i—> o i—* W|h
*
0.58 105 4.79
106 0.52 1114 4.95
1104 0.60 1184 4.84
116 0.60 1264 4.50
122 0.59 1314 4.07
1284 0 . 6 6 137 3.78
135i 0.71 1414 3.49
143i 0.58 1474 3.15
151 0.69 1534 2.73
159i 0.61 161 2.56
169 0.75 1634 2.35
1794 0.80 166 2.30
189 0.90 1704 2 . 1 0
199 1.04 1754 1.94
208 1.15 1804 1.74
215 1.37 1854 1.76
2214 1.32 1894 1.61
2274 1 .1 1 193 1.40
234 1.04 199 1.51
244 0.91 204 1.47
258 0.89 2104 1.40
- - 216 1.42
- - 224 1.38
- - 2334 1.35
- 242 1.45
- - 253 1.39
TABLE A„ 16
Internal friction in niobium cold-worked and annealed at 70 C 
for 2 hours (Fig. 30).
T em p ., °K
4Log.Dec. x 10 T em p., °K
4Log.Dec. x 10
104 4.96 199i 9.33
110 5.17 201 10.70
116i 5.11 202 1 0 .2 0
125 4.77 203 8.67
133i 4.35 204 6.90
142 3.89 206i 5.13
150 3.10 21 0 i 4 . 1 6
160i 2.64 215 3.48
172 2.58 218| 3.54
<|cs
Ooo 2 . 6 8 2 2 l i 3.65
184 3.30 225 3.28
190i 3.79 227 2.47
194i 4.03 232 2 . 1 0
196i 4.68 238 1.96
198 6.80 244 1.62
199 8.15 254 1.52
TABLE A. 17
Variation of background damping with pre stra in  and in terstitia l im purity content
(Fig. 31),
Pre strain , 
£  , %
In terstitia l Impurity 
Content, C, at. ppm
( e / t c +  Djx io 3 Background Damp- 
ing, Log. Dec. x 10
0 - 0 0 . 6
0.14 251 0.56 1 . 0
1.32 1028 1.28 1 .1
1.50 1028 1.46 1 . 2
3.94 1211 3.25 1.5
5.16 1093 4.71 1.4
4.30 824 5.22 1.9
4.82 694 6.94 2 . 0
4.50 529 8.50 2.5
2.84 308 9.21 1.9
3.90 316 12.3 2.4
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TABLE A. 18
Internal friction (in the 0( peak region) of annealed and cold-worked niobium (F ig .32)
Annealed Strained 0.14% Strained 1.32%
T em p ., °K 4Log. Dec x 10 Tem p., °K 4Log. Dec x 10 T em p., °K 4Log. Dec x 10
99 0.55 98j 0.99 98 1.43
1 0 l i 0.58 102i 1.09 101 1.57
106 0.52 107 j 1.17 105 1 .6 8
110j 0.60 1132 1.30 107 1.75
116 0.60 119i 1.32 111 1.96
122 0.59 1262 1.23 115i 1.94
128i 0 . 6 6 1322 1 .2 0 120 i 1.85
135^ 0.71 139i 1 .1 1 125 1 .6 8
143i 0.58 146i 1 .0 1 129 1.49
151 0.69 1542 1.04 133i 1.36
159i 0.61 164 1.05 138i 1 .1 2
169 0.75 144 1 .2 0
- 155 1 .1 1
166 1 .1 1
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TABLE A. 19
Internal friction ( in the ■©( peak region) of cold-worked niobium (Fig. 32).
Strained 2.84% Strained 4.5%
T em p ., °K 4Log. Dec x 10 T em p ., °K 4Log. Dec x 10
98 2.38 97i 3.22
99i 2.75 " 3.77
102 i 3.08 101 4.33
105i 3.40 102i 5.10
108i 3.73 10'4 5.58
l i i i 3.90 106 6.28
115 3.95 108 6.95
118i 3.76 110 * 7.00
123i 3.66 112 i  - 7.18
128 3.38 114i 7.05
133 2.93 117 6.85
138i 2.65 121 6.32
143i 2.55 122 i 6.03
150 2.30 125i 5.37
156 2.07 128i 4.90
163 2.03 1 3 li 4 .80
134 4.30
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TABLE A. 20
V ariation ofoi peak height with pre stra in  and in terstitia l im purity content 
(F igs. 33 and 34).
Pre strain , 
%
In terstitia l Impurity Content 
C, at*ppm {€/(€+  l)}x 103
OC Peak Height, 
Log. Dec x 10"*
0.14 251 0.56 0.3
1.32 1028 1.28 0 . 8
1.50 1028 1.46 1 . 0
3.94 1211 3.25 2.3
5.16 1093 4.71 2.7
4.30 824 5.22 4 .6
4.82 694 6.94 4.4
4.50 529 8.50 4.4
2.84 308 9 . 2 1 1.9
3.90 316 12.30 2 . 2
TABLE A. 21
Frequency shift of the o( peak (Fig. 35)
Frequency 
f, c /s lo g f
Peak Tem perature 
T, °K
1/p  x 10 3
1.70 0.23 119 8.4
1.05 0 . 0 2 113 8.55
0.58 - 0.23 112 8.95
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TABLE A. 22
V ariation of jS peak height with pre strain  and oxygen and nitrogen contents. 
(Figs 36 and 37).
Pre stra in  
£  > %
Nitrogen content, 
C, a t3ppm
Oxygen content 
C, a t0ppm
Total In terstitia l 
Content, C
(2 Peak Height 
Log.Dec. x 10
0.14 106 145 251 9.1
1.32 378 650 1028 8.9
1.50 153 875 1028 3.6
2.84 100 208 308 8.3
3.90 119 197 316 6 . 6
3.94 359 852 1211 8 . 6
4.30 332 492 824 4 .6
4.50 252 354 606 4 .1
4.82 166 528 694 7 .3
5.16 392 701 1093 8.7
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TABLE A, 23
Comparison between experim ental and calculated 8 peak in niobium strained 1.3%
and annealed at 70°C for 2 hours (Fig. 38).
Experim ental Peak
JC
Calculated Peak
V'p x 103 4Log. Dec. x 10 V t  x 103 4Log. Dec. x 10
6 . 1 1 0 . 1 5.465 0.13
5.85 0 . 2 5.365 0.44
5.645 0.4 5.315 0.80
5.425 0.85 5.265 1.43
5.30 1.30 5.215 2.51
5.22 2.25 5.165 4.24
5.185 3.55 5.145 5.10
5.14 5.2 5.115 6.45
5.105 6.9 5.065 7.50
5.055 7.45 5.015 6.45
5.03 7.1 4.985 5.10
5.00 6 . 0 4.965 4.24
4.98 4.8 4.915 2.51
4.95 4 .3 4.865 0.80
4.89 2.9 4.765 0.44
4.83 2.05 4.665 0.13
4.75 1,4 - -
4.67 1.05 - -
4.55 0 . 6 - -
4.44 0.35 - -
4.32 0 . 1 “ “
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TABLE A. 24
Effect of isochronal annealing on the ©( peak, j3 peak and background damping in 
a specimen strained 3.8% (Fig. 39)
■ o I Peak Peak Background Damping
Annealing 
Temp, °C
4Log, Dec x 10 Annealing 
Temp, °C
Log. Dec 
x 104
Annealing 
Temp, °C
Log. Dec x 
104
22 4 .6 22 0 . 1 22 ' - 2 . 6
70 4 .6 60 7 .9 60 2.4
120 3.1 70 1 0 .0 80 2.3
160 2 . 1 80 1 2 .1 100 3.2
200 2 . 1 100 11.5 140 2.4
240 2 . 0 140 14.0 160 2 . 0
270 0.7 160 1 2 .2 180 2.3
285 0.5 180 1 1 .0 200 1.5
385 0 . 1 200 12.7 220 1.5
220 13.0 240 1.5
240 13.2 260 1.3
260 1 0 .0 280 1 . 0
280 7.9 300 0.9
300 3.3 390 0 . 8
390 0.4
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TABLE A ,25
Internal friction (in the peak region) of 5, 16% strained specimen and annealed 
at 70°C for 2 hours (Fig, 40),
T em p . , °K 4Logo Dec x 10 j Temp o, °K Logo Dec, x 10^
142 3o70 208 8,63
150 3o 02 210 8,30
159i 2,86 211 8,12
167i 2o 94 213 7,85
173i 3o 25 214 7,87
178 3 018 216 8,33
185 3o 98 217 8,78
192 4.90 221 8,65
194 6o46 226 7.77
195 7 „ 36 230 5.45
197 9o 65 235 4,19
199 11.30' 240 3,58
201 11.25' 246i 3,20
202 ■11.18 252 2,82
203 10o 05 261 2,65
. 204 9o 60 269 2,18
205 9o 20 279 2,20
207 8.85 - -
193
TABLE A, 26
Internal friction of the specimen of Table A, 25 strained additional 0.3% (F ig .40)
T em p., °K 4Log. Dec x 10
.  . . _  
Tem p., K 4Log. Dec x 10
14 65 3.44 2094 ' 6.43
157 3.34 212 6.28
162J 3.33 214 6 . 2 0
168 3.41 217 5.95
172 3.69 219 5.75
176 3.96 223 5.23
180 4.02 2244 4.96
185 4.34 2274 4.62
188 4.60 230 4,33
190 4.95 232 4.24
193 5.70 236 3.95
194i 6.52. 2404 3.82
197 8.60 245 3.74
199 8.65 250 3.56
2004 7.50 2554 3.50
203 6.33 2604 3.18
205 6.05 270 3.19
207 6.15 2764 2.91
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TABLE A. 27
Internal friction of the specimen of Table A, 26 annealed at room tem perature for 
21 hours (Fig. 40).
T em p ., °K 4Log.D ec. x 10 Tem p., °K 4Log. Dec x 10
140 2.50 204 3.42
144 2.24 206 3.02
148i 2.08 208 3.06
153 2.07 211 3.50
157 5 2.24 214 2.80
16lJ 2.15 217i 2.50
I 665 2.24 220 2.38
17 2.15 223 2.28
176 2 . 1 2 228 2.18
184 2.30 232 2 . 1 0
190 2 .6 8 238 2.07
194 3.27 243 2.09
196 4.38 249i 2.17
198 4.95 257 2.08
200 4.58 266 2.09
2 0 l i 4.14 279j 2.08
195
TABLE A. 28
Percent decrease in height of 200°K |3 peak in cold-worked niobium after r e ­
straining by 0.3% and annealing at room tem perature for 20 hours (Fig. 41).
Initial Strain,
%
Percent decrease of 
peak
0 . 0  (irradiated) 0
1.32 15.7
1.50 30.6
2.84 32.5
4.30 56.5
4.82 35.6
5.16 65.5
TABLE A. 29
Percent increase in height of the 200°K (3 peak of specimens of Table A. 28 
re-annealed a t 70°C for 2 hours (Fig. 42).
Initial Strain,
%
Percent Increase of 
j.2 Peak
0.14 -13
1.32 49
1.50 92
2.84 36
4.30 135
4.82 87
5.16'
j
153
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TABLE A. 30
Internal friction of a niobium specimen quenched and annealed at room tem perature
(Fig. 43).
Tem p., K
c
4Log. Dec. x 10 T em p ., °K 4Log. Dec. x 10
103 2.91 204i 2.52
108i 2.70 210 2.53
114i 2.82 214 2.27
121 2.90 218 2.03
128 2.98 221 2 . 2 2
1354 3.33 225 2 . 2 2
142 3.48 229 2.15
149 3.22 235 2 . 0 2
154 3.14 241 1.90
158 2.87 246 1.69
162 2.54 253 1.77
167 2.52 259 1.55
170i 2.38 264 1 .6 8
176 2.44 269 1.37
1844 2.52 274 1.53
192 2.91 279 1.35 j
199 2.78 - -
197
TABLE A ,31
Internal friction in niobium quenched and annealed at 120°C for 2 hours (Fig, 43)
T em p ,, °K 4Log,Dec, x 10 T em p ,, °K 4Log,Dec, x 10
102J 1,25 198i 10.40
107 1 ,1 2 201 11.91
112 1 ,0 1 204 11.13
118 1,19 205 9.55
123 1,05 207 7.20
129 0,98 210 5.54
137 1,04 213 5,45
144 . 1 ,2 2 216 5.72
150 1 ,2 1 220 5.78
159 1,45 223 4.45
168 1,39 225 3,60
175 1,60 229 2.42
182 2,07 237 1.13
188 4,25 245 - 0.87
190i 5,70 252 0.96
193 7,05 258 0.85
195i 8 , 02 266 0.71
197 9,30 276 0.75
198
TABLE A. 32
Internal friction in niobium quenched and annealed at 140°C for 2 hours (Fig, 43).
T em p ., °K 4Log,Dec* x 10 T em p ,, °K 4Log, Dec x 10
102f 1.61 193 8.45
106 1.45 195 9.53
1 1 1 1.42 197 13.09
116i 1,50 199 16.52
121 1,79 200 19,58
126 1,97 201 21.50
131 1,78 202 20.49
137 1,52 203 17.11
142 1,94 205 10.92
145 2,29 208 6 . 2 0
150 2,26 212 5.18
155 2,59 215 3.92
161 2 . 8 6 220 2.63
165 2 .6 8 225 1.98
169 2 . 8 8 230 1 .1 0
175 3.76 235 0 . 8 8
179 5.28 242 0.74
1 8 l f 7.42 246^ 0.70
183 9.25 253 0 . 6 6
185 11.71 257J 0.58
186 1 1 .0 2 264 0.59
188 1 0 .1 0 273 0.69
190 8.60 'v ~
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TABLE A, 33
Effect of isochronal annealing on the background damping and 200°K j?  peak 
in quenched niobium (Fig, 44).
200°K Peak Background Damping
AnnealiB g 
Temp, °C
4
Log. Dec x 10 Annealing 
Temp, °G
4Log. Dec x 10
22 0 . 6 22 1.40
100 5.5 100 0.81
120 12.3 ' 120 0.69
140 2 1 . 2 140 0.55
160 3.8 160 1.44
180 11.4 180 0.92
200 21.4 200 0 . 8 8
220 1 .8 220 0.69
240 14.3 240 1.32
260 9.5 260 0.60
280 4.3 280 0.53
300 1 . 2 300 0.52
200
TABLE A„ 34
Effect of isochronal annealing on the 185°K and 220°K |S  peaks in quenched 
niobium (F ig . 45)*
185°K Peak 220°K Peak
Annealing 
Temp, ,°C
4
Log, Dec x 10 Annealing 
T e m p ,, °C
Log. Dec x 10^
22 0 22 0
100 0 100 1 . 2
120 1.5 120 2.5
140 4 ,2 140 2.9
160 7 ,2 160 21.4
180 5,0 180 0 . 8
200 6,9 200 1 . 6
220 9 .0 220 34.8
240 6 . 2 .240 2 . 6
260 3.9 260 1 . 0
280 0 . 6 280 0.9
300 0 300 0 . 6
201
TABLE A ,35
o
Internal friction of niobium quenched and annealed at 70 C for 2 hours (Fig, 46)
T em p., °K 4Log. Dec x 10 T em p., °K 4Log. Dec x 10
101 1.75 193 8.55
105 1.61 196 9.62
109 1.71 198 9.90
112 i 1.53 199 1 0 .1 0
115 1.65 200 8 . 2 0
119i 1.54 2 0 l i 8 . 2 2
123i 1.65 203i 8.60
127i 1.75 205i 10.63
132J 1.55 207 14.81
137i 2 . 1 2 208i 16.30
143 2 . 2 2 210 16.30
149i 2 .1 1 211 16.51
157 1.79 2 1 2 i 15.12
■ 164% 2.50 213^ 13.55
17 o i 3.09 216 9.70
176i 3.78 218 7.50
180i 5.97 221 4.15
182 7.80 224 2.48
183i ' 9.82 227i 1.48
185 10.73 232 1.09
187 10.30 240 0.95
188 1 0 .0 0 253 0.77
189i 9.25 266 0 . 1 1
191 8.75 274 0 . 1 0
202
TABLE A .36
Internal friction of the specimen of Table A, 35 strained 0.3% (Fig. 46).
Tem p., °K 4Log.Dec. x 10 T em p ., °K Log.D ec. x 10^
IOO2- 1 .1 1 187i 7.43
105i 1.13 189i 7.00
109 1.30 m i- 7.45
m i 1 .2 2 184 7.90
115 1.07 196 5.95
119 1 .2 1 199 5.50
124 1.07 202 5.45
128i 1.16 205 4.04
134i 1.16 208i 2.70
140 1.14 212 2.16
146 1.05 216 1.84
153 1.23 22  l i 1.15
161 1.09 227i 0.84
168 1.39 233 0.93
174 1.74 244 0.72
179 2.42 255 0.87
183 5.23 269 0.92 J
185i 6 . 6 6 276 0.91
TABLE A. 37
Internal friction of the specimen of Table A. 36 re-annealed at 70°C for 
2 hours (Fig. 46).
Tem p., °K 4Log.Dec. x 10 Tem p., °K 4Log.Dec. x 10
102 1 .2 2 197 7.80
1064 1 .2 0 1984 7.60
111 1.31 1994 7.55
115 1.23 2024 7.33
1204 1.17 204 7.15
1264 1 .0 0 2054 6.50
133 1.13 2074 6.44
140 1.19 209 5.62
148 1.17 2 114 4.68
1564 1.24 2134 4.54
166 1.40 215 5.05
1744 1.62 2174 6.15
1804 1.94 221 3.76
184 2.30 223 2.80
186 3.22 2264 2.23
1884 4.34 231 1.71
190 6.32 239 1 .0 0
1914 8.45 246 0.82
193 8.62 256 0 . 6 8
194 8.23 264 0.72
196 7.85 271 0.78
TABLE A. 38
Peak tem peratu res and activation energies for relaxation peaks in BCC m etals 
(Fig. 47).
9 Metal Peak Peak T em p ., °K Activation Energy, eV
Oxygen 431 1.16
Nitrogen 558 1.51
Carbon 540 1.44
cC 114 0.25 (Peak shift)
Niobium / ?  • 221 0.46 (Peak shift)a 185 0.96 (Half-width)
/3 197 1.02 (Half-width)
/3 200 1.03 (Half-width)
/ 3 220 1.15 (Half-width)
Oxygen 423 1 .1 1
Nitrogen 618 1.63
Tantalum Carbon 628 1.69
oC 111 0.25 (Peak shift)
/3 188 0.40 (Peak shift)
Molybdenum cL 76 0.18 (Peak shift)
n> 222 0.46 (Peak shift)
Tungsten ck 105 0.23 (Peak shift)
n> 232 0.60 (Peak shift)
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Low-Temperature Internal-Friction Peaks in Cold-Worked 
Niobium
In the last few years attention has been paid to low-temperature 
internal-friction peaks produced in body-centred cubic metals after 
cold work.1-5 In niobium, relaxation peaks occur at ~  100 and ~  
220° K at 1 c/s. It is not yet clear whether these two sets of peaks 
(denoted a  and 3 peaks by Chambers and Schultz3) are of similar 
origin to the two sets of low-temperature peaks found in face- 
centred cubic metals after plastic deformation, viz. the Bordoni 
dislocation relaxation and the Hasiguti dislocation/point-defect 
relaxation mechanisms. Chambers3 concludes tentatively, from 
his numerous observations on tantalum, niobium, molybdenum, 
and tungsten, that both sets of peaks are due to some form of 
dislocation relaxation, rather than a point-defect or a dislocation/ 
point-defect relaxation process, such as the Snoek and Hasiguti 
types, respectively. The results given below are the outcome of a 
preliminary investigation into the effect of re-straining on the 
peaks developed in the 220° K (P) region of niobium after tensile 
strain.
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Fig. 1 Temperature-dependence o f the internal friction in niobium
prestrained 5*16% in tension (A) and after a 70° C anneal (B).
The material was arc-melted niobium, annealed in a vacuum of
1 x 10- 4 torr at 2350° C. The chemical analysis of the annealed 
niobium was as follows: O HO, N 26, C < 10, H < 5, Ta 1000, 
Ti 2800, Zr 3000, Fe 345, Si 275 ppm.
The internal-friction measurements were carried out in a vacuum 
Ke-type torsional-pendulum damping apparatus, surrounded by a 
low-temperature bath, which allowed temperatures of 100° K to be 
obtained using liquid nitrogen as the cooling medium. Damping 
measurements were taken on heating at a constant rate of f  deg C/ 
min.
In Fig. 1 are shown damping/temperature curves for a specimen, 
prestrained 5-16% at room temperature in a Hounsfield tensometer 
applying a strain rate of 2-7 x 10-4 sec-1. Curve A was obtained 
after the specimen had been aged for 2 h at room temperature. It 
shows an a peak (at ~  110° K) but no P peaks, though the back­
ground had risen above the annealed value. An anneal at 70° C for
2 h, however, caused peaks to develop at 190, 200, and 220° K, the 
200° K peak being very prominent (curve B). The activation energy 
for the 200° K  peak obtained from the peak shape was ~  1*0 eV, 
suggesting an attempt frequency of the order of 1023.
Fig. 2 (curve C), shows the internal friction after ageing at room 
temperature for a further 33 days. During this time the 200° K 
peak height remained practically unchanged, the 220° K peak 
increased in height by ~  300%, and the background increased by 
~  47%. The specimen was then re-strained a further 0*3%, 
replaced in the apparatus, and cooled down to 100° K. (The inter­
val between re-straining and cooling down was~ 40 min). Fig. 2 
(curve D) shows that both the 200 and the 220° K peak decreased 
somewhat in height, whilst the 190° K peak disappeared. After 
leaving the specimen in the apparatus at room temperature for a 
further 20 h, another measurement of the peaks was made. The 
additional room-temperature ageing resulted in a further marked 
decrease in the peak heights, as shown in Fig. 2 (curve E). It is 
reasonable to assume that the peaks suffered a negligible decrease 
in height immediately after re-straining, but a marked decrease with
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ageing at room temperature. The a peak remained unchanged 
throughout the re-straining programme, while a temporary increase 
in the background after re-straining disappeared after 20 h ageing 
at room temperature.
As far as the writers are aware, the 200 and 190° K peaks at 1 c/s 
in niobium have not so far been reported in the literature. No 
explanation is offered of the very high activation energy of the 
200° K peak. To account for the behaviour of these 3 peaks in 
terms of a dislocation/point-defect relaxation mechanism is difficult. 
On re-straining and ageing at room temperature one would expect 
either the point defects to remain with the moving dislocation lines, 
in which case the peak should be unaffected, or the dislocation 
lines to leave the point defects behind, thus causing the peaks to 
decrease instantaneously, perhaps recovering slightly on ageing if 
the point defects are able to move back to dislocations at room 
temperature. It also seems difficult to find an explanation in terms 
of a pure dislocation relaxation, since again one would expect the 
peaks to be significantly changed immediately after re-straining, or 
not at all.
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Fig. 2 Ejfect o f re-straining (0-3 %) and room-temperature ageing 
on the 3 peaks o f Fig. 1.
These results suggest at present that a mechanism should be 
sought which does not involve dislocations directly. For example, 
one could consider the possibility of some form of point-defect 
complex in the free lattice. Point defects created by the initial 
deformation might migrate on annealing at 70° C to trapping sites, 
such as interstitial impurities and dislocations. At the interstitial 
impurities the symmetry might be such as to allow relaxation 'to 
take place on cyclic stressing. The decrease in the heights of the 3 
peaks after re-straining and room-temperature ageing could then 
be explained as follows. Re-straining brings more dislocations into 
the vicinity of the point-defect complexes, which are then attracted 
during room-temperature ageing to these dislocations where they 
can no longer contribute to the relaxation peaks.
Further cold-work studies are being carried out, and the effect 
of irradiation on the peaks is being investigated.
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I n t e r n a l  F r i c t i o n  i n  P e t a l s
By M W. STANLEY, M.Sc, and I F. HUGHES,* Dip. Tech.
THE technique of low-frequency (~1 c/s) internal friction measurements is now widely used to study the role of solute atoms in many metallurgical 
phenomena. This technique depends on the fact that the 
presence of solute atoms in crystal structures gives rise to 
characteristic peaks in internal friction temperature plots 
which can be obtained from wire specimens mounted in . 
the form of a torsion pendulum. A specimen’s internal 
friction is the rate of damping of externally applied vibra­
tion that occurs internally in the specimen,, as opposed to 
that caused by external means such as air damping. The 
Snoek type of damping is damping caused solely by inter­
stitial atoms in free solid solution.
The purpose of this article is to interpret previous work 
on this topic in such a manner as to present a clear physical 
model of the Snoek mechanism of internal friction which 
is consistent both with the experimental observations and 
with the essentially mathematical nature of the various 
theories which have been proposed hitherto1-5, the example . 
taken being the behaviour of interstitial atoms in a body- 
centred-cubic lattice.
Effect o f Vibration on the BCC Unit Cell 
Location of Interstitial Atoms in the BCC Cell In Fig. 1, 
Xj represents an octahedral interstice with tetragonal 
symmetry, that is, an interstice having four comer atoms 
at a distance of a/ sj 2 away and two body centred atoms at 
a distance a/2 away, where a is the lattice parameter. The 
body centred atoms lie along the x direction, hence the 
symbols xx and x2 represent exactly equivalent sites. Octa­
hedral interstices occur in sets of six in the unit cell and 
have co-ordinates of (0,0,1) and (0,1,1) with a co-ordination 
number 2. The six surrounding atoms form a slightly 
irregular octahedron.
The maximum diameter of a sphere these interstices 
can accommodate .without causing lattice distortion is 
[(2— \/3)a/2], i.e. 0-382 A for a-iron.
Tetrahedral interstices occur in sets of four in the unit 
cell on the cube faces and have indices (1,1,0), see Fig. 2(a). 
The four surrounding atoms form a slightly irregular tetra­
hedron and the spatial relationship between tetrahedral and 
octahedral sites is shown in Fig. 2(b). !
The maximum diameter of sphere that these sites can 
accommodate without distorting the lattice is [(\/5 —\/3)a/2] 
i.e. 0-62 A for a-iron.
It has been shown both theoretically and experimentally 
that the distortion of an occupied tetrahedral site produces 
a negligible damping compared with an occupied octahedral 
site and that in any case, interstitial impurities occupy the 
octahedral sites4,6.
Effect of Torsion on the Unit Cell In a torsion pendu­
lum apparatus the specimen takes the form of a vertically 
suspended wire, the lower end of which is twisted in a 
horizontal plane — as in Fig. 3(a). Consider the particular 
case in which one of the side planes A B C D  of the b.c.c. 
unit cell lies in the wire surface, such that the x and y
* The authors are with the Metallurgy ; Dept., Battersea College of 
Technology. '
Fig. 1 (above), 
xi. yi.zi. xa
Body centred cubic with octahedral interstices
0 I0>
Figs. 2a (above) and 
2b (right). Tetra­
hedral interstices 
(Fig. 2a), and - the 
spatial relationship 
between octahedral 
an d  t e t r a h e d r a l  
interstices
(B) ■
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directions arc in the plane of the wire surface and the z 
direction is perpendicular to the plane of the wire surface 
as shown in Fig. 3(a). It can be seen that the point C 
being a greater distance from the fixed end of the wire will 
receive a greater torsional twist than point A. Thus C 
can be said to move relative to A.
If the wire is twisted, A B C D  will be distorted to the 
position AB'C'D’, see Fig. 3(b), where CC' is horizontal, 
since each horizontal layer of atoms rotates in its own plane. 
Thus AD>AD' and DC<D'C'.
This rotation will thus extend the interstices in the x 
positions and compress those at y without affecting the size 
of the sites at z. Hence, there will be a tendency for inter­
stitial atoms to change their position from y sites into the 
extended x interstices in order to reduce the internal stress, 
the direction of movement being perpendicular to the direc­
tion of the extended interstice—Fig. 1. On releasing the 
stress, the wire returns to its original position, and the 
excess atoms in x sites jump back to y sites to restore the 
thermodynamic equilibrium distribution. If the wire is 
now stressed in the opposite direction the cube will be 
sheared to AB"C"D", and the y sites are now extended and 
the x sites compressed. Thus more interstitials now change 
position from x to y sites. This stress cycle and the 
corresponding interstitial movements are shown in Fig. 4.
Although this particular cube position has been chosen 
for simplicity the argument is basically unaffected for 
differently orientated grains with the sole exception of the 
<111> texture—see Appendix I.
Relationship Between Movement of Interstitial Atoms and 
Consequent Strain Within B.C.C. Cell Consider a b.c.c. 
lattice where n represents the total number of interstitial 
atoms in free solid solution distributed between the x, y 
and z sites. The free energy will be at a minimum if there 
is an equal distribution between the three types of site, i.e.. 
there will be n/3 interstitials in the x, y and z sites respec­
tively. If a stress cr is applied in the x direction then some 
interstitials must move from y sites to x sites in order to 
keep the free energy at a minimum. Thus, n/3 increases 
to nx where nx is the equilibrium number of atoms in x 
sites for the applied stress <r. Hence, after establishing a 
new equilibrium at the applied stress o’, the change in 
number of interstitial atoms in the x sites (Anx) is given 
by:
Anx= n x—n/3   .(1) .
At some time before equilibrium is reached, let the number 
of atoms in x sites be nx. Then the change in the number 
of atoms in x sites at this time is given by:
Anx—nx—n/3 ................................. ....... . . . . . . . . .  .(2)
Polder3 has shown that for thermodynamic equilibrium 
under an applied stress o-
An*—[2/9][(nA/k  T]<r    ...................... .......... .    .(3)
where A=Se/8nx, and Boltzmann’s constant.
Thus, A is simply the increase in strain caused by the 
jump of one interstitial into an x site, and from this it 
follows that the strain resulting from the jump of the 
Anx atoms will be 1" where:
l"—XAnx ---- . . . . . . . . . . . . . . . . . . . . . . . .  . . .  .(4)
and also e"=AAnx ...........        .(5)
«" is called the ordering or anelastic strain since it marks 
the deviation from perfect elasticity and thus 7' is the equi­
librium ordering strain.
From Eqn. 3 it can be seen that 7' is directly propor­
tional to the stress o-
Thus, 7'=K<r ..........................; . . . . . . . . ' . . . . . . . . . . . .  .(6)
where K = [2/9] [(nkz)/(kT)]       ............... .(7)
Stress, Strain and Energy D issipation  
in  a Torsion Pendulum  
Attainment of Equilibrium The rate of attainment of 
equilibrium at a particular stress follows a first order rate
Figs. 3a (left) and 3b (above). Showing 
the position of the b.c.c. cube in the wire 
/  ' and the relative extension of particular 
directions due to  torsion
law, since the probability that an interstitial atom occupies 
a y site adjacent to an unoccupied x site, is proportional 
to the number of occupied x sites in excess of the equi-. 
librium value. Thus: i
(drix/dt) CCnx—rix
The proportionality constant is defined as l / r c where rc has 
the unit of time and is called the relaxation time of the 
process. Thus:
dnx/dt=[(l/rc)(n.x—nx)] .............     .(8)
Putting Eqns. 1 and 2 in 8 we have
dArix/dt=[(1 / ’’c) (Anx — An*)] .........     .(9)
and putting Eqns. 4 and 5 in 8 we have
de"/dt =  [(l/rcX 7 '-e ")] .  ...................................... ..(10)
Thus, the rate of change of anelastic strain at any time is 
directly proportional to the difference between the equi­
librium anelastic strain and the particular anelastic strain 
at that time. : ,
Relationship Between the Applied Stress and the Conse­
quent Anelastic Strain The stress applied in a torsion 
pendulum experiment varies sinusoidally with time, i.e.
cr=(T0 sin wr  .................  (11)
Hence, in order to calculate the resulting anelastic strain 
Eqn. 10 must be solved in terms of Eqn. 11 (see Appendix II). 
This gives
e"=e0" sin («>t—<£)        .(12)
where e0"=K<r0 cos<j>          .......... (13)
and tan <p=urc .........      f(14)
(w=angular frequency,and r=time, hence tor= angle swept 
in any time)
It can, therefore, be seen (from Eqns. 12, 13 and 14) that 
the resulting anelastic strain is itself a sinusoidal function 
of time which is f units out of phase with the stress having 
a peak at a value of K<r0 cos f  and also from Eqns. 6 and 7 
that
7'=eg" sin tor  .........   . . . . . (15)
Thus, the equilibrium anelastic strain is in phase with 
the stress and the actual anelastic strain produced at any 
time is continually trying to reach this equilibrium value 
but lags behind, due to the inability of the interstitials to 
change sites fast enough to give the required strain in the 
required time (see Fig. 4). The physical significance of the
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Fig. 5. Representation of the lag of anelastic strain behind the 
equilibrium value
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. relationships between the stress and the anelastic strain 
values is that after the stress has reached its peak value (A 
in Fig. 5) the equilibrium anelastic strain decreases, whereas 
the actual anelastic strain value. continues to increase in 
. order to reach the equilibrium value (B to C). It should 
be noted that this continued increase in actual anelastic 
strain must occur by the continuation of interstitial atoms 
jumping from y sites to x sites even though the applied 
stress is such that the extension of the x sites is being 
reduced. Eventually, the actual anelastic strain reaches the 
instantaneous equilibrium value (C in Fig. 5). At this stage, 
the actual anelastic strain has to be reduced in order to 
follow the continually decreasing equilibrium value; hence, 
the anelastic strain goes through a peak value at C. This 
sequence is then repeated for each stress half cycle, the 
actual anelastic strain continuing to vary sinusoidally but 
lagging the equilibrium value by <j> (see Fig. 5).
Vectorial Representation of Stress and Anelastic Strain
156
Let a vector of magnitude <r0 (AB in Fig. 6) rotate about 
one end with an angular velocity <o=2n-/; then the angle
Figs. 7a (above left), 7b (left), and 
7c (above). Deviation of a from 
elastic and anelastic strain com- 
- ponents
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swept out at any time t is <»£. The projection of <r0 (AC) 
on the axis of u>t=90°, represents the stress at any time t 
since A C =A B  sin wt. Also the anelastic strain (AE), 
can be similarly represented by a vector of magnitude e0" 
(AD), which lags behind the stress by an angle </>.
In Fig. 7(a), the line OA is a representation of the maxi­
mum elastic strain . rotated through an angle Hence, 
at any time t the instantaneous elastic strain is represented 
by the line OB where 
OB—Go sin Mt—e'
Similarly, in Fig. 7(b) the lines OD ( g0") and OE 
[e0" sin (ut—<p)] represent the maximum and the instan­
taneous values respectively of the anelastic strain (®") where 
V ' = e 0" sin (<»t—<p). Fig. 7(c) shows the vectorial addition 
of the instantaneous anelastic strain e" to the instantaneous 
elastic strain e' by the transposition of the vector rectangle 
from OEDF in Fig. 7(b) to AE'D'F' in Fig. 7(c). Hence, 
OD' is the vector representing the maximum total strain (e0) 
where e0= e0' + e0" vectorially, and OG is the vector repre­
senting the total instantaneous strain where 
e =  e' +  g"
Finally, it can be seen from Fig. 7(c) that though the 
anelastic strain lags after the elastic strain by an angle <p, the 
total strain lags behind the elastic strain by an angle a where 
a<f. Thus for a constant angular velocity w the vector 
triangle AD' retains its size and shape and rotates at an 
angular velocity w, i.e. 
g — g 0 sin (<o£—a)
Energy Changes During Vibration Consider now in 
Fig. 8 the stress-strain diagram of a perfectly elastic 
material. During one stress half cycle the strain describes 
the line ABA and in the case of a torsion pendulum A 
represents the position of maximum kinetic energy and B 
represents the position of maximum potential energy. Thus 
as the stress increases from A to B an extension of the x 
interstices results (c.f. CC’ in Fig. 4), and on release of 
stress a corresponding contraction results. The energy 
change involved in either extension or contraction is given 
by the area under the appropriate region of the stress-strain 
curve (Appendix III). However, in a perfectly elastic material 
the stress-strain curve for contraction on release of the 
stress is identical to that for the corresponding extension. 
Hence the areas under the curve during equal periods of 
extension and contraction are also identical. Therefore, for 
perfectly elastic conditions there is no net loss of energy 
during the course of repeated extension and contraction 
cycles.
However, in the case of an anelastic material, the strain 
lags behind the stress and the stress-strain diagram can be 
represented as in Fig. 9. As the stress increases to M the 
total strain .increases to X  and continues to increase even 
though the stress is now decreasing from M to N. At C, 
however, the instantaneous anelastic strain and equilibrium 
anelastic strain are equal (c.f. point C in Fig. 5), and as the 
stress continues to decrease, the total strain decreases and 
the curve ABCD is described. Thus on the application of 
a torsional stress the change in kinetic energy to potential 
energy in extending the specimen from A to C is the area 
ABCYO. However, the change in potential energy to 
kinetic energy on reducing the stress from C to D is CYD, 
and as the area ABCYO is greater than the area CYD, there 
is an energy loss (AE) represented by the area ABCDO, 
which is dissipated in the form of heat and sound. It can 
be seen, therefore, that for a complete stress cycle the 
energy loss is represented by the area ABCDE or the energy 
lost per cycle is the area of the stress-strain loop. Experi­
mentally the area of the loop is small compared with that 
between the loop and the strain axis. Hence the total 
; energy of vibration can be measured as the area OCX with 
negligible error.
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Fig. 8. Stress/strain diagram 
for a perfectly elastic material
a t
c«
c c+ 8 c
Fig. 9. Stress/strain diagram 
for an anelastic material
cr
The ratio of the energy lost per cycle in an anelastic 
system to the total-vibrational energy (i.e. AE/E—avea 
' within the hysteresis loop/area under the loop) is referred 
to as the “specific damping capacity” of the system. The 
relationship of the specific damping capacity to the angle a, 
the angle between the total strain and the elastic strain is 
derived in Appendix III.
For a small volume dv the energy change in going from 
P to Q (Fig. 8) has been shown to be A edr (Appendix III). 
Therefore, the energy dissipated in a volume dv in one
( InIw . .
^edt
0
Substituting <r=<r0 sin wt for a sinusoidal stress, and the 
relationship for the total strain e, the energy dissipated 
in a volume dv in one cycle is found to be n sin a.<r0G0. 
Thus the total energy lost per cycle AE is given by 
AE—nsin a'fov^du ... -
But from Appendix III the total energy of vibration in 
the system (E) is given by 
E—iio-0e0dv
Thus the specific “damping capacity AE/E is given by 
> AE/E=2n sin a ............................................... , . . . . (16)
(To be continued. Appendices and ref erencesgiven overleaf.) V
' . I*7
DIRECTION OF SHEAR
• '1  '
Fig. A. Effect of tension on the b.c.c. cell with the < 110 >  in the 
plane of the wire
Appendices
(I) Particular Crystal Orientations and the Effect on 
Damping
Fig. A shows the effect of torsion on a particular orienta­
tion in which the <110> and <100> directions are in the 
plane of the wire axis and at 45° to it, A “twist” applied in 
one direction causes atoms in y and z sites to jump to x sites 
while a twist in the reverse direction allows an excess of 
atoms to be distributed between y and z sites.
For the orientation in which all the <111>  directions are 
at 45° to the wire axis, the x, y and z interstices will all be 
extended equally; thus there will be no tendency for an 
excess of interstitials to accumulate in any direction. In 
the case of a single crystal with this orientation no Snoek 
damping would be expected and this has been shown 
experimentally by Dijkstra4. From these considerations it 
is to be expected that damping will be strongly dependent 
on texture and in practice it is extremely difficult to obtain : 
a true assessment of the number of interstitial atoms con­
tributing to a Snoek peak, since perfect absence of texture ' 
is difficult to obtain. The Snoek mechanism is best used 
as a comparative tool.
(II) Solution of 1st Order Rate Equation
The change of anelastic strain is represented by the 1st 
order rate equation
de'7dr=(l/7-0)(c " -e")
For a sinusoidal stress the equilibrium ordering strain 1” 
is given by
’e"=zKo'o sin u>f _ -
Try the solution e"=60" sin (wt—$>) 
when de"/dt=ue0" cos(ut—<p)
Then l / r 0[K<r0 sin wt—e0" sin (a>t—0)]= o>e0" cos (wt— >^) 
and this is true for all values of t
When r=0.
[l/r c] [—e0" sin $]— — W60" COS 0 
.*. tan <p=oiTc
When t=<t>/u)
1 Ac [K<r0 sin <p] — we0'' ‘ • ...
Thus e0"—K<r0 COS <f>
Thus the solution is e"=K<rOcos <psin(<»r—4>) 
where tan <p=o>re
(III) Derivation of Energy of Vibration/Cycle : >
If a body is moved through a distance (d) by a force (F), 
the total energy received by the body (potential plus kinetic) 
is Fd
Energy—Fd= (M L T~2)(L)—(ML2 T~z)
But Stress= Force/unit area= (MLT~2)/(L 2)
S train=(L)/(L)
.'. Stress X strain=o-e=(ML-1 T-2)
= (M L 2T-2)/L 3=Energy/unit volume 
Referring to Fig. 8, the energy - changed from kinetic to 
potential energy in going from P to Q is given by 
<rde=Area PQRS 
.’. <r(de/dt). dr=Area PQRS 
.’. Area PQRS=cridt 
.‘. The total change from kinetic to potential energy in 
going from A to B is 
fB .
I <redf=Area ABC
JA_ ■
Let oc be the mean value of the stress X strain for a small 
volume dv of the specimen during one cycle. Then
’ /*2 »r/w :
ac=  I credf
. Jo ;V •
For a stress <r=<rd sin tot the total strain e is given by 
«=e0 sin (t»t—a)
  •
<r0 sin wt. e0 sin (wt—a) df
o ■ J-
2jr/w 1 . ' ■ ■
oeo sin2a>r dt , ; :
. 0 as a<^ .o>t
r2n/o> ’
=  cr0e0 I ^  ( 1 — COS 2  tut) d t
J 0 '7
.*. V e ~  (n  f t ,) )c r0e.0
But the total energy of vibration of the specimen/cycle
(£)=(«,/2n) jTedv
.’. E = i  Jo-0€0do
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N e w  F i l m s
Day In, Day Out A moderate degree of technical know­
ledge is helpful though by no means essential to the enjoy­
ment of this new film issued by British Oxygen Co., Ltd  
The theme of the film is the 24 hr a day availability of 
oxygen, hydrogen and other gases through the BOC road 
service or by pipe line. The manufacture of the gases is 
briefly shown and is followed by the arrangements made to 
get the gases to the consumer without risk of temporary 
shortage but with the minimum use of expensive bulk storage 
equipment. The applications of the gases are well shown, 
in car production, in electroslag welding of pressure vessels, 
in semi-automatic cutting machines, and in processes such 
as plasma-arc and Argonarc. There is necessarily much 
emphasis on roads with the concomitant scenery, cul­
minating in a shot of liquid argon from Manchester travelling 
over the St. Gothard pass in a road tanker en route to Turin. 
The film runs for 24 min and is available on free loan on 
16 and 32 mm stock.
[Although it is not really intended for showing to a wide 
public, a little film made by BOC to bring home the merits 
of safety procedures is very well worth seeing. It might be 
an idea if safety officers of firms using oxygen extensively 
made some discreet enquiries to see if they could borrow a 
copy.] , .
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